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Galactic nuclei and q'^Asars eait radiation oter the 
entire electroiagnetic spectrum. There is considerable 
interest in the nature of the eiission nechanisas which aay 
be responsible for the observed radiation. The possibility 
that a single aechanisa is responsible for a vide frequency 
range of the electroaagnetic flux suggests that vultiple 
frequency observations of galactic nuclei and ^'jaf^ars can be 
used to place constraints on aodels for the source 
aechanisas involved. 

In ccnjunction with observations by the High Energy 1-ray 
Spectroaeter on OSO-8, four sources have been 
investigated in this wanner: 

(i) the nucleus of the elliptical galaxy, 

Centaurus A (NGC 5128); 

(ii) the quasar, 3C273; 

(iii) the nucleus of the Seyfert galaxy, NGC 4151; and 

(iv) the nucleus of the Rilky Way galaxy. 

Ccncurrent observations have been taken for Cen A at radio 
and 1-ray frequencies, and for NGC 4151 at radio, infrarod. 


optical, and X-ray frequencies. The data from these obser- 
vations and from other work are used to construct conposite 
spectra (radio to gansa-ray) for the sources. Additionally, 
a coaputer program has been developed to obtain source 
strengths iron regions of the sky where aore than one source 
is in the OSO-8 Spectroseter field of view. Osing this pro- 
gras, w« have analyzed the OSO-8 data for the galactic cen- 
ter region of the nilky May. The OSO-8 data are consistent 
with the presence of a high-energy X-ray source at the posi- 
tion of the center of the ailky May as determined from radio 
and infrared measurements. Me note that this region has 
been previously observed to harbor many discrete, variable 
soft X-ray sources. The source associated with the galactic 
nucleus is commonly called GCX. Conposite spectra for 3C273 
and GCX have been constructed using the OSO-8 data and data 
frca other observers. 

The nucleus of Centaurus A is observed to vary on times- 
cales from days to years at radio and X-ray frequencies. 

The pattern of variability of the radiation of the nucleus 
of Centaurus A is suggestive of a thersal<-Compton model 
wherein relativistic synchrotron electrons inverse Compton 
scatter blackbody radiation from a dense, hot plasma to pro- 
duce the observed X-rays. The ccmposite spectra of the 
sources and the observed variability are interpreted in 
light of this model. Me also use the nodel to establish up- 


per limits to the total energy in relativistic electrons 
which suggest that there is sufficient energy in the nucleus 
of Centaurus A to form a pair of radio lobes similar to the 
two already present. 

A comparison of the composite spectra of each of the 
four sources shows similarities between the spectra of the 
nucleus of the Seyfert galaxy, R6C <1151, an^i the nucleus of 
the hilky Hay, and between the spectra or the nucleus of the 
elliptical galaxy, Centaurus A, and the quasar, 3C273. 

Based on these similarities, it is possible that the nucleus 
of the Hilky Hay has a physical environment similar to that 
of the Seyfert galaxy, NGC 4151. He also note that the dis- 
tinction between radio- bright and radio-quiet quasars nay be 
that they represent emission from the nuclei of galaxies 
with elliptical and Seyfert morphologies, respectively. 

This is contrary to the customary association between Sey- 
fert galaxies and quasars. 
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FIGURE CAPTICNS 


figure 

Figure 2.1: The 0S0«>8 Spacecraft. The drawing shows the 

waxious axes of interest and the orientation of the 
High-Energy X-ray Spectioweter in the wheel section. Note 
the 50 offset of the detector axis iron the anti-spin axis 
of the 

spacecraft 

Figure 2.2: Cross-sectional wiew of the High-Bnergy X-ray 

Spectroieter onboard OSO-6.... 1^7 

Figure 2.3: The arbitrary positions of a source and the 

origin of the local coordinate systea on the celestial 
sphere. The right ascension and declination of the origin 
of the local coordinate systea are given by a and 
respectively. The axes for the local coordinate systea are 
defined so that is pointing due east, y^ is pointing due 
north, and is defined perpendicular to the plane that is 
tangent to the celestial sphere at the origin of the local 
coordinate systea. A siailar convention is used to define 
the coordinate system for any source of interest.. ........ 1^8 

Figure 2.4: A view of the local coordinate systea (x-y 

plane) froa outside the celestial sphere. The spacecraft 
anti-spin axis intersects the celestial sphere at the center 


Page 
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of the circle with a radius. Acceptable evehts (see 
chapter 2) occurring when the vbeel aziauth angle (WA7)=G 
are assuaed to originate ftoa the point on the celestial 
sphere indicated as the location of the detector axis. The 
finite angular resclution of the detector causes a point 
source to appear as a cone of enhanced counting rate 
centered on the location of the source in the local 
coordinate systes. The location of the detector axis vhen 
the spacecraft tfAZ=270u is also sarked. As the spacecraft 
spin-axis drifts through a region of the sky, the skyaap of 
counts as a function of local X and T positions is gradually 
filled in..... 1^9 

Figure 2.5: An exasple of a sathesatical function (or 

tesplate) showing the counting rate as a function of 
location of the detector axis in a region in the sky which 
contains three detectable sources. Note that two of the 
three sources, SI and S2, are within 10^ of one another and, 
thus, their cones overlap. The values of the counting rates 
at the peak of the source cones SI, S2, S3, and the 

background B are paraaeteics which are deterained by a 
least-squares fit of the teaplate to the skymap of count 
rates and corresponding uncertainties.......... ........... 1^9 

Figure 2.6: The spectrua of the Taurus X-t deterained by a 

least-squares fit of one source to the skyaap of the region 


near the Crab Nebula. The source spectrum derived feen the 
shymap is fit by a power-law dM/dE=A (E/Eo)"® photons 
cr-*s“» keV“‘, where 1= (6. 29±0. 16) x 10~* , Eo=100 keV, and 

as2.C1tC.03. This is in agreement with the spectrum 
proposed by Toor and Seward (1974) of a s2.06t0. 05» and with 
the spectrum obtained by Dolan et al.(1977) (with 
a»2.00tCi.06) from the OSO-8 High-Inergy E-ray Spectrometer 
using other techeigues for data reduction. The spectral 
fits taken from Clark et al. (1973) and Dolan et al. are 
extrapolated beyond the energy ranges of the experiments to 
show the difference between the two results............... lAO 

figure 2.7: The X-ray spectrum of Cygnus X-1 from a skymap 

of the Cygnus region taken during November 1975. The energy 
sjpectrus of Cygnus X-1 is fit by a power-law with parameters 
(3.67±0. 17) x10“* , Eo = 100ke7, and a=2.11i0.07. Dolan et 
al. (1977) report a spectral index a=1.87i0. 17 averaged over 
the 1975 observations. The typical range of variation 
measured by Dolan et al. is shown by "low state" and "high 
state" power-law spectra plotted in the figure.... .... .... 141 

Tigoie 2-8: The X-ray spectrum of Cygnus X-3 obtained from 

the same skymap run used to determine the Cygnus X-1 
spectrum. The spectrum for Cygnus X-3 is fit by a power-law 
with paxameters A* (1.68±1.57) x 10~* and a=3.62*0.76. The 
data may also be fit by a thermal spectrum of the 'form 
dB/dh= (A/I) exp ( (E-Eo)/kT) , where 
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As1.89x10“*tl.89, k*I=17.0±6. 0, and Eo=43±1171 
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Figure j.1: fiadio enission fton the nucleus of Cen A. Data 

are taken free Price and Stull 1973, Stull and Price 1975, 

Dent and Hobbs 1973, Kellecian 1974, and Beall et al 1976. 14^ 

Figure 3.2; History of Cen A 2-6 keV X-ray Flux; Data 

taken froi Laapton et al. 1972, Tucker et al. 1973, Hinkler 
and khite 1975, Davison et al. 1975, Stark et al. 1976, 
Grindlay et al. 1975b, Serleiitscs et al. 1975, and 
Laurence et al. 1977. .................................... . 

t 

Figure 3.3; History of Cen A 100 keV X-ray Intensity. Data 
are taken froa Hayses et al. 1969, Laapton et al. 1972, 

Hushotzky et al. 1976, Hall et al. 1976, Stark et al. 1976, 
and 

Beall et al 1978 145 

Figure 3.4; History of Cen A X-ray Power-law Spectral 
Index. Data are taken froa Laapton et al. 1972, Tucker et 
al. 1973, Hinkler and Hhite 1975, Hushotzky et al. 1976, 

Hall et al. 1976, Stark et al. 1976, and 

Hushotzky et al. 1978. 146 

Figure 3.5: The Spectrum of Centaurus A as derived froa the 

skyaap using observations taken by OSO-8 in July and August 
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Ihe spectrum is fit by a power-law with paraweters 
A= (2. 26 lO , 54) X 13~* , Eo=70keV, and a = 1. 1 3t0. 3 3. The spectrum 
is ccnsistent with an extrapolat icn of the Cen A spectrum 
■casuxed simultaneously by nushotzky et al (1978)......... IA 7 

Figure 3-6: The Spectcui of Cen A obtained from the skymap 

for observations taken during July and August 1976. The 
spectrux is fit by a pover<>lav with paraneters 
A= (1. 16±0-42) xio-*, Eo=70 keV. and a=2.05t0.39. The 
spectrux is consistent with an extrapolation 

of the 1976 spectrux of Mushotzky et al. (1978) ........... 145 

Figure 3.7: The Ccxposite Spectrux of Centaurus A. Data 

are represented as sclid lines, upper linits, or individual 
points. The data are taken from the references cited in 
chapter 3. The dashed lines are possible theoretical nodels 
for enission froa the source, and are discussed in chapter 
7. The infrared data point is froa Harper (1978). The 
Integral data point is from Grindlay et al. (1975a). The 
upper liaits 

at 1Q2X to 1QO Hz are froa Fichtel et al. 1978... ........ 149 

Figure 4.1: Badio Observations of 3C273 are taken froa: 

Andrew et al. (1978), 

at 6.7 GHz and 10.7 GHz, 

Dent and Kapitzky (1976) , 
at 7.9 GHz 
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Bofcts (1978), 

at 31.4 GHz and 90 GHz, 

Haak and Hobbs (1977), 

at 18.2 GHz and 31.4 GHz«« 1-50 

Figure 4«2; Upper Halts for tbe X-ray Flu* from 3C273 
obtained with the skyaap. The solid line is froa data 
reported by Sanford 

(1977) 151 

Figure 4.3: The Ccaposite Spectrua of 3C273. 7be data are 

takes froa the references cited in the text, and are plotted 
as solid lines. The two Gaaaa-ray points are froa 
Swanenburg et al (1S78). Possible theoretical spectra are 
drawn as dashed lines, and 

are discussed in the text............................. .... 152 

Figure 5.1: Badio Observations of the Seyfert Galaxy, NGC 

4151. The slightly larger flux values evident in the data 
obtained by Crane (1977) , de 9tuyn and Wills (1974) , and 
Condon and Dressel (1977) are likely to be the result of 
contributions to tbe nuclear flux froa a aore extended 
region. However, the data do not rule out the posibility of 
a slowly varying, extended source in the Seyfert nucleus. 
The total flux of the nucleus of NGC 4151 during the Sept 
1974 observations of Crane (1977) coaes 

froa a region with diaensions of 1x2 arcseconds at 8.1 GKz. 

155 
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Figure 5.2: Irifrared and Optical Observations of NSC U151. 

The data are taken front the works indicated (see references 
in text). The data are generally in the fora of a 
power^lati. The photon energy spectrua dP/dv in ergs 
ca“*s-»h 2 -» is given in the figure. We note that a turnover 
in the infrared spectrua at a wavelength of approxiaately 
1.5x10>2 hz is likely in view of the 

34 aicrcn point taken by Gieke and Low (1972) ••••••••• •••• 154 

Figure 5,3: The X-ray spectrua of NGC 4151 derived using 

the skyiap. The observations were taken during Hay and June 

1977. An extrapolation of the lov-energy data (Hushotzky et 
al. 1S78) is plotted for coaparison. The Ariel V spectrum 
is taker froa Dyer et al. (1978) . The skyaap spectrua froa 
OSO-6 is not adequately fit by either a single power- law or 
a theraal spectrua (see text). The spectrua is, however, in 
general agreeaent with the data of 

Hushotzky et al.(1978), and Dyer et al. (1976) 155 

Figure 5.4: The variability of the nucleus of NGC 4151 at 

radio, optical, and Array frequencies during the concurrent 
observations of the source. Data are taken froa: Hushotzky 

et al. 

1978, lapia and Bizniewski 1977, and current observations. 156 
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figuE€i 5.5: Concurrent radio, optical, anr’ X-ray 

ot'servaticDs of the nucleus of NGC 4151. The data are shown 
solid lines, and are taken frca the references cited in 


the text. The gaaBa-ray 

data are taken froa Schoenfelder et al. <1978)............ 157 

Figure 6.1: The x-ray spectrua of 6X3>1. The data 


represent a single 2-sigaa detection between 33 and 43 keV 
during the Septeaber 

1975 observations of the galactic center by OSO-6 

figure 6.2: The X-ray epectrua of GX 3e1 derived froa 

observations 

of the galactic center region by OSO-8 during 1976........ 159 

Figure 6.3: The X-ray spectrum in 1975 of the source at the 

radio and infrared position of the galactic center. The 
spectrua is derived froa the saae skyaap used to produce the 
spectrua in figure 6.1 (Sept. 1975). The data are fit by a 
power-law spectrua with 

paraaeters of A= (6.76t6.13) xIO-*, Eo*70 keV, and a=3.29t1.03 

160 

Figure 6.4: The X-ray spectrua in 1976 of the source at the 

radio and infrared position of the galactic center derived 
ffoB the saae skymap as the spectrua in figure 6.2 (Sept-Oct 
1976). The data are fit by a power- law with paraaeters 
K- (4.08l1.09)xl0-*, 
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zo-lO kcV, and a>2.26i0.35. 


Figuie 6.5: Ihe composite spectcum of the nuclear region of 

the Kilkjf Hay galaxy. The solid lines are taken from the 
data as discussed in chapter 6. Dashed lines are possible 
■cdels fox the obserted radiation. The radio flux decreases 

with decreasing angular size of the source. The 

near-infrared data (at approximately 10»*Hz) are taken from 
Becklin et al, 1978. The far-infrared data (10»* tc 
Bz) are taken from Gatley et al. (1977) , and represent the 

total exission from Sgr i vest. The 1971 x-ray data are 

taker from Kellogg et al. (1971). 

The 1S7i* data at 10»® to 10 *o hz are from Baynes et 
al« (1975) and are an integrated flux from a circle with a 
diameter of 13° centered on the position of GX1+4. The 1975 
and 1976 X-ray data are taken from the OSO-8 skymap. The 
gamma-ray upper limit taken 


in 1972 is due to Eennett et al. (1972) 


figure 7.1: Radio flux from an optically thick plasma as a 

function of the expansion of the spherical plasma from an 
initial radius Ro. 

Solid line: ^^=5# C=5x10-*, a=Ro/2 
Dashed line:T^=5r 5=1*1 0”», a*Ro/2 

Dotted Iine:t 5=1x10'-*, a=Ro/2.. .................. ..i. l 



Figure 7*2: A ccDpatison of tbo observations of Cen A and 

calculated radio and X>ray fluxes from an adiabat ically 
expanding plasaa. Radio data taken fron Dent and Hobbs 
1SI73, Kelleraann 1974, and Beall et al. 1976; X-ray data 
tdken fxoa Kinkier and Hhite 1975, Davison et al. 1975, 
Stark et al. 1976, Grindlay ct al. 1975b, Serleaitsos et al. 
1975, and Sanford 1976. The starting tiae for 
the expansion of the plasaa was chosen to be early 1S74... 164 


CHAFTER 1: IHIFODOCTIOK 


In 1925« . Hubble used observations of Cepheid variables 
in the "spiral nebula" in Androneda to denonstrate that the 
nebula vas actually a spiral galaxy at an iomense distance. 
Other observations have shown that these vast distributions 
of stars generally possess seme degree of symmetry about a 
central region, or nucleus, which typically has a high 
surface brightness. Dynamical studies suggest that all 
galaxies which are relatively symmetric will have 
concentrations of mass toward their centers. The nuclei of 
active galaxies are likely to represent extreme examples of 
this general trend. 

The nucleus of a galaxy is more luminous than any other 
region of the same angular size within the galaxy. He have 
known for some time that certain galactic nuclei are much 
brighter when compared to their parent galaxies than is 
normal. Seyfert (1943) originally studied 12 such spiral 
galaxies whose bright nuclei had a star-like appearence and 
broadened emission lines. Current estimates (see e.g., 
Needaan 1977) are that approximately one percent of all 
spiral galaxies are of the Seyfert type. 
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Seyfect galaxies are not the onXy examples of galaxies 
with bright, or active, nuclei. The N~galaxy classification 
originated by Morgan (1956) is used t'^ denote galaxies with 
brilliant, star-like nuclei associated with faint 
nebulosities. Host N-galaxies show siuilar euission-line 
spectra to those found in Seyfert nuclei. Pros the 
definition of N-galaxies, it is clear that Seyfert galaxies 
could be classified as N-galaxies if they were so distant 
that their spiral could not be resolved. However, the 
■ajority of N-galaxies contain strong, compact radio 
sources, while sost Seyfert galaxies have relative weak, 
extended sources at radio freguencies. 

fielatively high surface brightness is one indication of 
activity in a galactic nucleus. Non-thersal radio emission 
is another. In fact, the detection of radio galaxies was 
the first indication of violent, non-thernal processes in 
estragalactic objects (Burbidge, Burbidge, and Sandage 
1563). 

The association of soae N-galaxies with bright, compact 
radio sources suggests a possible connection (at least 
observationally) between the nuclear regions of radio 
galaxies and the nuclear regions of Seyferts. Heedaan 
(1977) also makes the point that in a re dshift- vs- luminosity 
plot for Seyfert galaxies and guasi-stellar objects (QSO*s), 
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there is an overlap between the Seyfert and quasar 
luaiDOsities. h similar redshift<>luBinosity plot has beer, 
constructed for radio galaxies, qS0*s, and Seyfert galaxies 
(Sandage 1S71). In this case, also, the distribution of 
radio galaxies and QSO's overlap. Quasars also exhibit the 
strong, broadened eaission lines found in Seyfert and 
R-galaxies (cf . Burbidge 1970, weedaan 1977) • 

The coBparison between active galactic nuclei and 
quasars proapted Burbidge (1970) to investigate possible 
siailarities between the nucleus of the Rilky Hay and 
Seyfert galaxies. On the basis of published observations at 
that tise, Burbidge concluded that the nucleus of the Rilky 
Hay is a ainature Seyfert galaxy radiating with 100 to 1000 
tiaes less power than a classical Seyfert. At the tine of 
Burbidge *s article, there was no evidence for X-ray or 
gaaaa-ray eaission froa the nucleus of our galaxy. 

The existence of active galactic nuclei and their 
possible association with quasars has led to considerable 
speculation on the nature of the physical environaent which 
produces the observed radiation. The basic aechanisas first 
suggested have re&ained topics of discussion to the present 
day. Jeans (1929) conjectured that the nuclei of galaxies 
nay be "singularities" froa which natter is poured into our 
universe froa soae other. The aore conventional view (Jeans 



1902) is that galaiies are foraed by dyaanical collapse fcos 
clouds of dust and gas. The fcreation of galactic nuclei 
■ay represent a continuation of this process. 

The continued collapse of the dense associations of dust 
and stars in galactic nuclei nay trigger the violent 
non-theraal activity which is observed. Three possible 
■echanisas for the energy production in QSOs and active 
galactic nuclei have been proposed: 

(i) aultiple supernova explosions, 

(ii) accretion onto a aassive black hole, or 

(iii) particle acceleration by aeans of a superaassive star or 
“spinar". 

All of these possible sources aay be associated with very 
dense clusters of stars. 

Holtjer (1964) has suggested that galactic nuclei nay 
becoae so dense that collisions between stars can produce 
guasar->like luainosities. Alternatively, Colgate (1967) 
proposed that in such a dense distribution of stars, 
star-star collisions will lead to the foraation of 
superaassive stars. The rapid evolution of these stars 
produces supernova explosions which Colgate uses to explain 
the observed quasar luainosities. Subsequent versions of 
this idea (Petschek, Colgate, and Colvin 1976 and the 
references cited therein) use the interaction of the 
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supernova explosions vith an aabient aediuD to produce the 
Cfcserved radiation. The possibility that supersassive stars 
contribute directly to the observed luninosities has also 
been suggested by Hoyle and Fovler (1963). 

The physical environsent in galactic nuclei nay also 
readily lead fron the evolution of nassive stars to the 
fornaticn of black holes. Salpeter (1964) and Zel*Dovich 
(1964) first suggested that accretion onto a black hole 
sight produce a continuous energy source. More recently, 
Fabian et al. (1976) have suggested that a nassive bla«ik 
hcle (approzinately lO'^ He) undergoing quasi-spherical 
accretion nay be responsible for the energy source in the 
nucleus of the elliptical galaxy, Centaurus A. 

The third possible consequence of a dense star cluster 
is the fornation of a supernassive star or spinar which 
accelerates particles by soie process which involves the 
star's nagnetic field. The theory of supernassive stars has 
been developed fron the original suggestion of Hoyle and 
Fowler (1963). Though there are calculations suggesting 
that non^rotating, supernassive stars nay be subject to 
f ragaentation or collapse (see, e.g. Fovler 1964, 
Chandrasekhar 1964, and Zel'dovich and Novikov 1971), 

Ozernoy (1966) suggests that a supernassive star (called a 
"nagnetoid") nay be supported in equilibrium by sone 


coBbination of rotation, a aagnetic field, and radiation 
pressure, and Day be stable against collapse. Ozernoy 
(1972) Bakes the iaportant point that we Bay not be able to 
distinguish observationally between the radiation associated 
with accretion onto a nassive black hole and that cooing 
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froB a Euperaassive "aagnetoid**, since the physical 
environaents in both Bay be quite similar. Rorrison (1969) 
has also suggested the possibility of pulsar-like action in 
quasars. 

Galactic nuclei and quasars emit radiation over the 
entire electromagnetic spectrum. The traditional method of 
studying extragalactic objects is to observe a large number 
in one frequency range (for example, with DBV photometry) . 
This technique has the disadvantage of viewing the sources 
over a relatively small portion of the electromagnetic 
spectrum in which the objects may be radiating. 9e take the 
soBcwhat different approach of investigating a few 
extragalactic objects at many different frequencies spread 
over as broad a range of the electromagnetic spectrum as 
possible. This composite-spectrum technique provides a 
powerful tool for placing constraints on the possible models 
for production of electromagnetic radiation in the sources 
observed. 


Zo the extent that eoission in one frequency range is 
related to the emission in another, it is necessary to take 
the aultiple^freguency observations concurrently. He aean 
by •’concurrent** that the observations at different 
frequencies are conducted within an interval of time short 
compared to the expected timescale of the variability of the 
object, Ihe lack of a concurrent, composite 
(multiple- frequency) spectrum for a source increases the 
uncertainty of the parameters derived when we apply a 
particular model to the source. 

For this dissertation, four socrces have been 
investigated in this way: 

(1) the nucleus of the radio galaxy, Centaurus A (NGC 512S) ; 

(ii) the quasar, 3C273; 

(iii} the nucleus of the Seyfert galaxy, N6C 4151; and 

(iii) the nucleus of the Milky Hay galaxy. 

The observations at radio, infrared, and optical frequencies 
were arranged to be conccirrent with the observations of the 
sources by the High-Energy X-ray Spectrometer onboard the 
OSO-8 spacecraft. This instrument is described in Chapter 

2 . 

To obtain an X-ray spectrum of the nuclear region of the 
Milky Hay galaxy, a program was developed to analyze regions 
of the sky where more than one source is in the X-ray 


Sfectxoieter field of |W. This eethod of analysis of the 
X*ray data is also presented in Chapter 2. 

Chsertations of the radio and X>ray variability of 
Centaurcs A are discussed in Chapter 3. Chapter h presents 
a suiaaty of the >radio, infrared, optical, and X-ray 
observations of the quasar 3C273. Due to the relatively weak 
X-ray flux of 3C273, no atteapt was aade to arrange 
concurrent observations at other frequencies during the 
X-ray observing period. The Seyfert galaxy, NGC U151, was 
observed concurrently at radio, infrared, optical, and X-ray 
frequencies . These results are presented in chapter 5. 

The X-ray observations of the nucleus of the Hilky Say 
presented in chapter 6 are not concurrent with the 
observations at other frequency ranges. In this regard, it 
Should be noted that the electromagnetic radiation from 
galactic nuclei is often observed to vary by factors of 
roughly two. The relative magnitudes of the components of 
the composite spectrum presented are, thus, uncertain at 
least by that amount. 

A model for the temporal variability and composite 
spectra of the sources observed is presented in chapter 7. 

In the model, thermal photons from an optically thick plasma 
are inverse-compton scattered by relativistic synchrotron 
electrons to produce the observed X-ray radiation. In 


chapter b, we conclude by noting the inplications of the 
proposed eodel for the physical enTironnent in the nuclei of 
galaxies. 


CHAPTEa 2-tnE EXPEEIHEKT 

2*1; General description of the satellite (OPO-8) 

Orbiting Solar Observatory 6 vas launched on June 21 , 
1SI75 frcB Cape Canaveral by a Delta launch vehicle into a 
circular orbit 550 ka above the earth. The angle of 
inclination of the plane of the orbit vith respect to the 
equator is 33<>. 

the satellite consists of a wheel section (see figure, 
2.1) » which rotates at 6 rpn for gyroscopic stability, and a 
sail section containing photocells and the solar 
instrunents. The sail section is naintained perpendicular 
to a line joining the spacecraft and the son (the solar 
vector) to within ±3<>. As the position of the son changes 
seasonally with respect to the background stars, the 
orientation of the sail section also nust change to naintain 
the alignsent of the solar instrunents which point at the 
solar disk. Thus, the spin-axis of the spacecraft can 
project onto the celestial sphere in a great circle 
perpendicular to the solar vector. For our purposes, this 
Unit is the significant observational constraint of the 
spacecraft. 

The wheel section is divided into nine pie-shaped 
sections, each containing a separate ezperinent. The High 
Energy X-ray Spectroneter (Dennis et al. 1977) is located in 
bay 11, where the bays are nunbered clockwise as one looks 
along the spacecraft spin axis. The detector is sounted so 
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that it **Iooks** at a position on the sky opposite the center 
line of the bay and 5® from the projection of the antispin 
axis onto the celestial sphere (see figure 2.1). As the 
Wheel section rotates, the detector axis sweeps out a circle 
on the celestial sphere with a radius of 5®. It is possible 
for the High-Energy X-ray Spectrcaeter to observe a source 
located in the ecliptic plane for a laxiauB of appioxiaately 
IE days as the anti-spin axis drifts through a region, 
longer observation tiwes are possible for sources which do 
not lie in the ecliptic plane. 

The orientation of the spacecraft is controlled by a 
■agnetic torguing systea and nitrogen gas jets. The gas 
jets also waintain the spin rate of the spacecraft at 6±1 
rpm. Magnetic torguing can aove the spin axis of the 
spacecraft a aaxiaaa of 3® each day, while the gas jets can 
aove the spin axis as auch as 15® per ainute. 

2.2: The High Energy X-ray Spectrcaeter 

The CSO-6 satellite aoves in and out of the inner van 
men radiation belt in the region of the South Atlantic 
Anoaaly as the spacecraft orbits the earth. The high energy 
protons aagnetically trapped in the radiation belt interact 
with the detector crystals and produce aany radioactive 
spallation products. This induced radioactivity in the 
shield and central crystals exponentially decays after the 
spacecraft leaves the van Allen belt. Typically, OSO-6 
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passes through the South Atlantic Anomaly on 6 or 7 orbits 
in a 2h hour period. Consequently, the background radiation 
in the detector crystals taries by a factor of at least two 
during the course of each day. 

The eff-axis orientation of the detector axis was chosen 
to allow the detector to sweep on and off a source daring 
the observation so the varying background could be 
continually saapled. 

The CSO-8 High-Energy X-ray detector (Dennis et al. 1977) 
consists of two separate, optically isolated central 
crystals (Csl (Na) ) surrounded by shield crystals of the same 
■aterial (see figure 2.2). There are 17 parallel holes 
drilled through the top shield crystal which expose 27.5 env 
of the "open central crystal" to the X-ray sky. The 
"shielded central crystal" serves to nonitor the internal 
detector background in the continuously changing particle 
environaent of the spacecraft orbit. 

The shield crystals consist of 5 optically isolated 
sections viewed by a total of 12 photomultiplier tubes. The 
shield crystals are arranged so that a minimum of 5 cm of 
Csl shields the central crystals. This thickness attenuates 
99 percent of the X-rays incident at energies less than 250 
keV. ihen a pulse is detected simultaneously in both the 
central crystal and a shield crystal, an anticoincidence 
circuit prevents the event from being pulse- height analyzed. 
A pulse in one of the central crystals is considered an 
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"acceptable efant" only when it is not accompanied by a 
ccinciaent pulse in one of the shield crystals. Hhen this 
cenditien is aet, the acceptable event is analyzed by the 
2f6»channel pulse- height analyzer. 

Ihe diaensions of the colliaation holes give the 
Instruaent a circular aperture with a full- width at half 
aaxiauB (fUHH) of 50 for X-rays of less than 100 keV. At 
higher energies, the PHHH increases slightly because of the 
increased ability of the off-azis X-rays to penetrate a 
significant thickness of the shield crystals. 

Ihe detector aperture is covered with a 0. 635-ca thick 
plastic scintillator (Nuclear Enterprises NE102) , which is 
un^d in anticoincidence with the central crystals to reject 
events produced by charged particles entering through the 
cclliaation holes. 

Two charged-particle wonitors in the X-ray detector 
cewpartaent autoaatically turn off the high voltage to the 
pbotewultiplier tubes when the spacecraft enters the van 
Mien belts. This autowatic systew acts as a back up to the 
norsal high voltage turn off by tiwed conwand frow the 
ground. 

The output of the central and shield crystals can be 
calibrated in orbit. The central crystals have a single 

source placed iamediately below thew (see figure 2.2). 
The 5 dev alpha particles froa this source are detected by 
one of two solid-state detectors sandwiching the source. At 
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the £ac€ time, the coincident 5S.6keV X**rays have a certain 
probability of stopping in one of the two central crystals. 
A central crystal X-ray event coincident with the detection 
of an alpha particle is tagged electronically as a 
calibration pulse. The shield crystals are calibrated in 
flight by using seven As>«* sources placed in four of the 5 
shield crystals. 

2.3: Collection of the Data: 

As previously nentioned, a pulse in the open or shielded 
central crystal in anticoincidence with the output of the 
shield crystals and the plastic scintillator over the 
detector aperture is considered an "acceptable event", and 
is pulse- height analyzed. The data for such an event 
consist of the anplitude of the pulse fron the central 
crystal and the tine of occurrence of the event. The data 
for up to eight events together with the instrunent livetine 
are stored in 17 eight-bit words in each ninor frase 
covering 160 Billiseconds. Sixteen of these words are 
arranged in eight egually spaced pairs. Each word pair 
carries the pulse anplitude and the tine of occurence of the 
first event in the previous 20 Billiseconds, a bit to 
indicate in which of the two central crystals the event 
occurred, and a bit which tells if the data is a calibration 
event. A naxinun of 50 events each second can thus be 
analyzed. Fron' this ninor frane data, the 256-channel 


enei 9 y*^lcss spectruB of the central crystals can be 
detertined. 

In addition to the amplitude and tiae infortationr 
spacecraft data on the rotation of the wheel section with 
respect tc the sail section, and data froa star sensors and 
■agnetosetors are transeitted. Ihe angle of rotation of the 
wheel with respect to the sail is deterained to within 0.040 
each 16C Billiseconds. Fron this inforaation, the 
Orientation of the spacecraft and hence the detector axis 
can be deterained at any given tiae. The Baxiana 
uncertainty of the attitude solutions for the spacecraft is 
custcaaiily better than O.l** during satellite night when 
good star tracking data are available. The accuracy of 
position deteraination can deteriorate to as such as 1<> 
during satellite day, especially after a large gas aaneuver. 

2.4: Skyaapss 

Ihe satellite data as recorded for each ainor fraae 
consists of counts froa the open and shielded central 
crystals as a function of the energy deposited ib the 
crystal, and of the wheel aziauth angle of the spacecraft. 
The wheel aziauth angle (HIZ) is the angle between the zero 
■ark on the wheel encoder shaft and the partition between 
bay 1 and bay IX. For the data analyzed, the zero of the 
wheel aziauth encoder and the spacecraft roll-axis vector 
are cclinear to ±1^. To analyze the data, tk^^se 
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distxitutions are transCocie(] into a 20ox20O local 
coordinate systen tangent to the celestial sphere at some 
reference poxnt. Bach acceptable event in the vheel azimuth 
distribution is put in the appropriate box in the 

local coordinate system. Each acceptable event is assumed 
tc be the result of an 7>ray photon incident on the detector 
in a direction parallel to the axis of the collioation 
hcles. the circular field of view of the detector is not 
taken into account at this stage, but is incorporated into 
the least-sguares fitting of the X»ray source strengths as 
discussed in section 2.5.3. 

there are only a fev regions in the X-ray sky which 
contain close-lying hard X-ray sources, among them the 
region in Cygnus and that part of the sky near the center of 
the Milky Hay. Thus, even for the High Energy X-ray 
Spectroieter on OSO-8, which has a 5® FHHM, there are few 
regions in the sky where the confusion of close-lying 
sources is likely. For these regions, a source- by-source 
analysis of the data must exclude the region of the sky 
containing the adjacent sources. This exclusion of certain 
parts of the data decrease the accuracy with which the 
source strength and the background can be determined. In 
these regions, skyaaps are especially useful, since the naps 
can extract information about several sources 
simultaneously. The details of this procedure will be 
discussed in part 2.3.2 of this chapter. 
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It should be noted that the skjaaps are accuaulated as 
the anti-spin axis drifts through a particular region of the 
sky. Ihey therefore represent an average spectrun of the 
sources observed, and are net appropriate for analysis of 
tise-de pendent behavior of sources on tiaescales short 
cospared to the coverage tise, which can be as long as two 
weeks for a single source. 

2.41. 1: Constructing a local nap of the sky: 

The position of a celestial source is custonarily given 
in terns of Eight Ascension (Bk) and Declination (Dec) with 
respect to a celestial coordinate systen defined for a 
particular epoch (year) . For a particular year, the x-axis 
is defined by the first point in lires, and the Z-axis is 
defined by the position of the Korth Celestial Pole (see 
figure 2.3). For the OSO*8 experinent, the coordinate 
systen is defined for the epoch 1950. If ve choose sone Bk 
and' Dec on the celestial sphere, ve nay define a coordinate 
systen with an origin at the point where the position vector 
defined by BA and Dec intersects the celestial sphere. For 
this local coordinate systen, the local Z-azis is co- linear 
with the position vector, while the local X-axis and T-axis 
are local north and local east, respectively. If we choose 
the origin of this local coordinate systen close to a source 
of interest, ve nay express the position of the source as a 
vector in the local coordinate systen. The technique we 
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have used to express a position on the celestial sphere as a 
vector in the local coordinate systea is discussed in 
appendix fi. 

2«4I.2: hxpressing the detector axis 

in terns of the local coordinate systea: 

Ne aust also express the detector axis in terns of the 
local coordinate systea. lo do this, two aethods are 
available. First, we nay perfora the rotations for each 
wheel axinuth angle (9AZ) through the spacecraft prinary 

coordinate systea into celestial coordinates. Frca 
celestial coordinates, we nay proceed in a fashion siailar 
to the rotations described in appendix B to the local 
coordinate systea. 

Alternatively, we nay transfora the spacecraft anti-spin 
axis vector and the position vector of the spacecraft roll 
axis onto the local coordinate systea (see figure 2.4). 
Both the spacecraft spin axis and roll axis can be obtained 
fxoa the star tracker data and are available on the data 
tapes provided by the Inforaaticn Processing Division at 
Goddard Space Flight Center. The spacecraft roll axis is 
ncraally within ±3<> of the position vector of the sun. The 
sero of the wheel axinuth angle is in the sane direction as 
the projection of the spacecraft roll axis onto the local 
coordinate systea to within ±1*> for data used to construct 
the skyaap froa the local coordinate systea. The detector 
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look axis (at MAZ-O) lags the zero aark of the Mheel azinuth 
counter by 120<> as the spacecraft rotates. Thus, an 
acceptable event associated with a WAZ-O would be assigned 
to the location Sa away froa the anti->spin axis vector and 
in the direction of the zero of the wheel aziauth angle 
■inus 120 a. 

In practice, it is not necessary to compute the position 
of the detector axis for every count and livetiae in teras 
of the local coordinate systea. Since the spin axis drifts 
at acst approxiaately 3a each day for aagnetic torguing^ 
distributions of counts and livetiae as a function of the 
Viz can be accuaulated for each orbit around the earth. The 
iXZ distributions can then be transforaed onto the local 
coordinate systea. As the anti*spin axis drifts through a 
source region, a tine-averaged "picture" of the X-ray sky is 
gradually filled in. 

Distributions of three sets of data are accuaulated in 
the local coordinate systea for any region of the sky: 

(i) counts froa ihe open central crystal# 

(ii) counts froa the shielded central crystal, and 

(iii) the detector livetiae. 

this data is accuaulated in the l^xio bins in the local 
coordinate systea to produce a skyaap. We will discuss in 
soae detail the nanner in which the naps are used to extract 
inforaatioD about X-ray sources within the napped region. 
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2.5.: Analysis of skynaps: 

2.5* 1: Constructing a Hap of Count Bates and 

Uncertainties. 

Doe to the inclination of the spacecraft*s orbit, the 
internal detector background varies as a function of tine, 
lo reduce this effect, the difference in counting rate 
between the open and the shielded central crystals is used 
in each 10x10 bin of the skyaap. This technique will not 
ccnpletely correct for the gain changes of the 
pbotcaultiplier tubes (Dennis ot al. 1978) since the gain 
changes are not identical for the two crystals. However, 
the effect for the stronger sources of interest here is 
snail. He note that the difference in counting rates 
between the open and central crystals should average to zero 
in all regions of a skynap except those where sources are 
present. The difference in the rates, B, of the two central 
crystals is given by the relation 


2.1 




where O^^and C^^are the nunbers of counts fron the open 
and shielded central crystals, respectively, is the 

livetine, and i and j identify the X and T coordinates for a 
particular 1<*x10 bin in the local coordinate systea. 
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lo general, the uncertainty for any coant rate in a local 
coordinate bxn is egual to the uncertainty in the expected 
rate for that bin. The best estisate available for the 
expected rate is the average count rate, T, for all the 
bins at the saae energy. Thus, 


2.2 


R 




where c^^and are the counts and livetiaes for each 
bin and the indices represent a suanation over all the 
values for a particular energy range. He nultiply this 
average rate by the livetiae, t^^,for the ij th bin to get the 
expected counts for that bin. The standard deviation on 
those counts is the usual -^T, assuaing Poisson statistics. 
Therefore, the standard deviation in the rate of the ij th 
value is 



In practice, since we are drawing from two 
populations, the open and the shielded central crystals are 
treated separately. Thus, the uncertainty on the difference 
between the rates of the open and shielded crystals forVthe 
skyaap is 
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2.8 


^ * /(a. .(open))' 

Rij ij 


(o^j (shielded)^ 


2.5.2: Analysis of the sAynap 

Given a aap of the X-ray sky in count rates and 
uncertainties, sufficiently strong sources will show up as 
enhanced regions above the background. However, aaps 
showing contours of equal rates aay be difficult to 
interpret because of the large statistical fluctuations in 
the rate in each 10z1» bin or because of the unequal 
coverage in each bin. The unequal coverage is due to the 
fact that, as the anti-spin axis drifts through a region of 
interest, the detector look ’axis spends unequal anounts of 
livetiae sweeping through each 1<>x10 bin. If the statistics 
are poor, a single bin can have large deviations froa the 
■can rate of that region even though these deviations are 
not statistically significant. Contour aaps of the counting 
rate of the region can present apparently significant 
sources which do not exist, and can disguise weaker sources 
which are present. 

If one attempts to plot a nap of the source region in 

"sigaa space" (R, ./do ), the aap is still sensitive to the 

IJ 

unequal coverage. In this case, large uncertainties can 
still produce anomalously low or high regions. Combining 
adjacent bins can help smooth the contours, but this aay 
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also hide close lying-soarces which would otherwise be 
resolved. For instance, GI3+1 and GCX in the galactic 
center region are approxiaately 3<> apart. One aust look 
both at the count rate and at tht sigaa plots, and deteraine 
regions of significantly enhanced rates by taking both aaps 
into account. 

2.S.3: Least-squares fitting to a skyaap: 

These difficulties aay be overcoae if we know the 
location of the high energy X-ray sources. Given the 
location of the sources within the 20Oz20<> region covered by 
the skyaap, we construct a teaplate (see figure 2.5) which 
represents the ideal detector response to point sources at 
the positions assuaed. The detector* s response to a point 
source results in a region of excess counting rate which 
appxoziaates a cone in the skyaap. The radius of the cone 
at the base is energy dependent, and is for energies less 
than IOC keV. The counts froa sources closer than 10^ to 
one another will add together. This teaplate is then fitted 
to the data by the aethod of least squares, allowing the 
source strengths and the background level to vary while 
keeping the source positions fixed. The source strengths 
and the background level are obtained for each energy bin. 
The count rates for the sources and background are then 
divided by the width of the energy bin in which they occur. 
The result is a spectrua of counting rate as a function of 
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tbe energy loss in the central crystal in units of counts 
s~>keV”‘ together with the corresponding uncertainties. To 
ccapare these results with data Iroa other observers, it is 
necessary to convert this counting rate spectrua into the 
intensity spectrua of the X-ray photons incident on the 
detector. 


2«$.4: Deteraining the Spectrua of the X-ray 

Photens Incident on the Detector 

The interaction of an incident X-ray photon with the 
detector crystal does not always result in the total energy 
of the X-ray photon being deposited in the crystal (see 
appendix A or Birks 1957) . The effects of the variability 
in the energy loss in the crystal and of the aaplitude of 
the signal detected froa the crystal are reaoved fron the 
data using the aatrix inversion aethod (Dolan 1972). This 
process first removes the effect of the detector's finite 
energy resolution by apodiration. Then, effects of the 
detector guantua efficiency, the fluorescent escape photons, 
and the attenuation of overlying aaterial are reaoved by 
inverting the attenuation aatrices which are obtained 
through laboratory calibration (Dclan et al. 1977). The 
process thus transforas the spectrua of counts s*ikeV'‘> into 
the incident spectrua in photons ca~*s~>kev~i. 
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2«6: Test cases for the skyiap: 

ie have conducted test cases for the skynap analysis to 
deaonstrate the applicability of the skynap technique to 
ofctainiog source spectra for both confused and isolated 
cegicns of the X-ray sky* 

2*6.1: A strong, isolated source of constant intensity 

She obvious candidate for this source is the Crab Nebula 
(Taurus Xfi-1). It is an eztreaely bright x-ray source with 
a constant# well-studied spectrui. Spectra obtained with 
the skyaap analysis technique can be compared not only to 
the results in the literature# but also to spectra obtained 
with the distance-f roB-source analysis nethod currently in 
use to analyze OSO-8 data for isclated X-ray sources (Dolan 
et al- 1S77) . 

A spectruB derived froa the skysap for the Crab Nebula is 
plotted in figure 2.6 along with the spectrum for the Crab 
taker frow Clark et al. (1973) and Dolan et al. (1977). The 
two spectra are in agreeaent within the liaits of 
statistical uncertainties# lending credence to the skysiap 
analysis technique. 

2.6.2: Cygnus 1-1 and Cygnus X-3: A confused 

source region with one strong and one weak source. 

The situation for the Cygnus region is complicated by the 
fact that both sources are variable. The spectra yielded by 
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the stjiap ace average spectra, and aust be ccapared with 
average spectra £or the sources. The spectra for Cygnus X-1 
and Cygaos X>3 derived froa the skyaap are shown in figares 
2.7 and 2.8, respectively, along with data icon other 
observers. The spectrua of Cygnus X-1 derived froa the 
skyaap is within the liaits of statistical uncertainty for 
the source, and falls between the "low" and "high" state 
values reported by Dolan et al (1977). The skyaap spectrua 
for Cygnus X-3 is also in general agreeaent with previously 
reported results (Olaer 1972 and Olaer et al. 1975). 
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CliAFTi,S 3: 0BSZ5VATICNS OF CENIADP.US A (NGC 5126) 

3.1: iDtrcductlon 

C€Ctaurus A (NGC 5128) is a radio galaxy with an actixe 
nucleus that enits radiation over the entire electroeagnetic 
spectruB. At radio frequencies, Cen A consists of tvo 
separate sets of radio lobes (Bade et al. 1971) centered on 
the nuclear coaponent. The outer radio lobes are 
approxiaately 5 degrees apart and the inner lobes are 
separated by 3.5 arc ainutes. Since the distance to Cen A 
is apprcxiaately 5 Rpc, the linear separations of the outer 
and inner lobes are 400 kpc and 5 kpc, respectively. Both 
sets of radio lobes lie alcng vhat appears to be the 
rotation axis of the galaxy, although some asymaetry is 
observed. The angular size of the nucleus is saaller than 
10~3 arcseconds at 7.85 GBz (Kelleraann 1975). Kelleraann 
(1S74) reported evidence for variability of the nucleus of 
Cen A at go GHz (3aa) on a timescale of days (see Figure 
3.T). Fogarty and Schuch (1975) cbserved Cen A from April 
through December 1974 and found no significant variability 
at 22 GHz (13.5 bb) . Price and Stull (1973) , and Stull and 
Price (1975) cbserved fluctuations in the 10.7 GHz (2. Sen) 
flux of the nucleus of Cen A froa 1973 to 1975 though no 
day-to-day variability was detected. 

Optically, Cen A is an EO type galaxy with an obscuring 
dost lane girdling the egoatcr. Bodgers (1978) reports that 
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the dust laoe is rapidly rotating and say have originated 
with the sane event that produced the nearer radio lobes 
approxinately 2.5X10' years ago. A near infrared (<1 
■icrcn) "hot spot" with an angular size of approxinately 5 
arc seccnds (linear diaension of 120 pc) has been observed 
at the center of the galaxy by Kunkel and Bradt (1971) . A 
source with an angular size of less than 7 arc seconds vas 
also detected by Becklin et al. (1971) at 1.6 and 10 
■icrons. They showed that the intensity of the radiation at 
2.2 licions is aore than 10 tines the surface brightness of 
oqr galaxy. Kleinaann and Bright (1974) neasuted the flux 
ftoB the nucleus at 10 aictocs in June 1973« two years after 
the Becklin observation, and found that the flux had 
decreased by a factor of three to I.OtO.1 Jy (1 Jy=10~** 
ergs ca~* s-» Hz->). Grasdalen and Joyce (1976) observed 

the nucleus at 10 aicrons in August 1975 and obtained the 
sane intensity as that reported by Becklin et al. (1971). 
They further note that the significance of the previously 
reported decrease nay have been overestiaated due to a 
systeaatic error. 

Cen A has been observed at Z->ray wavelengths 
interaittently since 1971 (see Figures 3.2 and 3.3). 
These observations provide evidence for narked variability 
in the intensity and also suggest changes in the spectral 
index (see Figure 3. 4). An Increase of the X-ray flux in 
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tbe cneigy range 2-60 keV over an interval of six days has 
been observed by Hinkler and White (1975). The additional 
longer tinescale variability is evident in Figure 3. 2. 

Hushotzky et al. (1978) have observed concurrent variability 
between their 2-6 keV data and the 10.7 GHz flux reported by 
Beall et al. (1978). ht 100 keV, the photon flux is 
scfficiently low that day-to-day variations are difficult to 
■easure and none has been observed. However, a significant 
increase did occur in the interval between 1971 and 1973, 
followed by a decrease between 1975 and 1976. ht ganiia-ray 
energies, an upper limit of 10~** ergs cm”* s”» Hz”» at 
approximately 250 HeV has been obtained by Fichtel et al. 
(1S76). An integral flux of (4, 4±1) x10->* photons cb"*s”* 
at energies greater than 3x10^* eW has been reported by 
Grindlay et al. (1975a). 

3.2: hadio Observations 

The radio observations presented in table 3.1 and in 
Figure 3.1 are taken from Beall et al. (1978). All radio 
observations were centered on the nuclear component of Cen A 
and the contribution from the inner radio lobes is 
negligible at all frequencies. The observations of Cen A 
were particularly difficult because they were all made from 
sites in North America, where the source was never more than 
15 degrees above tbe horizon. An important confirmation of 
the overall variability of the source between 1974 and 1976 
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has COSE froB observations taken in Brazil (Kaufiann and 
Beall 1S79). 

3.3: k-ray Observations 

Cen & Has observed vith the high energy XTay detector 
(Dennis et al. 1977) on board OSO-8 during July and August 
of 1S75, 1976, and 1978. The 1978 data are unavailable at 
this vriting. The data Here reduced using the skyaap 
technique described in Chapter 2 for an isolated source, and 
deconvolved through the detector response function (Dolan et 
al. 1977) • A pover-laH least-squares fit to the spectrum is 
obtained and the intensity at 100 keV plotted in figure 3.3 
along Hith sinilar values obtained by other workers. In 
fig ure ^.4, the X-ray power-law spectral index as determined 
from the available data is shown as a function of time. The 
spectra of Cen A for July-August 1975 and July-August 1976 
axe plotted in figures 3.5 and 3.6, respectively. The 
spectrum for the 1975 OSO-8 observations of Cen A is 
best-fit by a power-law dN/dE=A (E/Eo)-®, with 

As(2.26i0.54) Xl0-«, Eo=70keV, and ofI. 1310.33. The best-fit 
parameters for the 1976 observations are A>(1.18i0.42) X10~*, 
Eo-70keV, and ot=2. OSiO. 39. 


3.4: Discussion 


Ihe data shown in figure 3. 1*3.4 provide inforaation 
or. the variability of Cen A over an extremely wide range of 
frequencies. Ne will discuss the nature of this variability 
in detail in the next sections (3.5 and 3.6). Osing the 
available data, we aay construct a conposite spectrua the 
nucleus of Centaurus A (see figure 3.7). These 
observations^ together with the infrared data discussed in 
section 3.1, are consistent with a single injection of a 
cloud of relativistic electrons which evolves by adiabatic 
expansion and turbulent acceleration. The observed 
fluctnaticns in both the radio and the X*ray spectra iaply 
that the energy eaitted as electrcaagnetic radiation say not 
represent the total energy available in the nucleus. In 
Chapter 4, previously proposed aodels will be discussed in 
which the radio radiation is produced by the synchrotron 
process and the X-rays are produced by inverse Coapton 
scattering of the synchrotron photons. An alternative sodel 
(Beall et al. 1978) is proposed in which the X-rays are 
produced by inverse Coapton scattering of photons with a 
fclackbody distribution. Ibis aodel is used to determine the 
magnetic field strength and the physical size of the 
eiitting region, and the radiaticn temperature of the 
blackbody photon distribution in the nucleus. Opper Units 
on the energy in the nucleus will also be calculated, and we 
will shew that there nay be sufficient energy available to 
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fccc ancthec pair of radio lobes siiilar to the two already 
present. 

3.5: Recapitulation of the available observations 

Ibe available radio and X-ray data have been 
accuBulated iron eany observers and do not have unifori tiae 
coverage. However, it is interesting to note the 
concurrences and differences between the f luctvv^ tions at 
various freguencies which can be seen by examination of 
figures 3.1, 3.2, and 3.3. The 10.7 GHz eeasurements show 
that the flux density increased by approzieately a factor of 

1.5 between Septeeber 1973 and March 1974. The flux vent 
through an apparent einieuB in July 1975, followed by a 
second increase in the fall of 1975 and subsequent decrease 
during the spring and sumner of 1976. During this period 
there is evidence for day-to-day variability, which aay 
confuse these long tern trends. Rellereann's 1974 data at 

31.5 and 69 GHz, coupled with the observations by Beall, et 
al. (1976) at 31.4, 85.2 and 90 GHz show a sieilar pattern 
of temporal variability. The 2-6 keV X-ray flux 
observations can be interpreted as a single, long-term 
increase in 1972 and 1973 followed by a decrease in 1975 and 
1976 (Lawrence, et al. 1978) with short-term variability 
(Hinkler and Hhite 1975, Lawrence et al. 1978) superimposed 
on this general trend. The increase by a factor of 1.5 
occurred approximately one year before the first observed 
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itcreasc in the 10.7 GHz flax. The X*>^ay intensity at 100 
keV seens to have fcllowed the saae general trend as the 2-6 
keV tluz, although there is soae evidence that the initial 
bcigbtecing at 100 keV aay have taken place approxiaately 
six aonths before the increase at 2-6 keV. The aagnitude of 
the total increase at 100 keV was also apparently a factor 
of 2 larger. 

3.6: Interpretation of the Badio and X-ray Teaporal 

Tariaticns. 

The radio and X-ray spectra can be deterained as a 
function of tiae frca the data discussed in the previous 
section. The radio spectrua is consistent with a 
self-absorbed synchrotron source in which the 10.7 GHz flux 
density reaains in the self-absorbed region, and the 30 and 
9C Gfiz data lie along the power-law portion. The power-law 
index for the photon energy spectrua obtained in this way is 
approxiaately 0.6 in late 1975, and 0.4 in late 1976. For 
the 1974 data, the spectral index is 0.5 if we use the low 
value of the 69 GHz data and 0.1 if we choose the high 
nuaber (Kelleraann 1974). The flux density in July 1976 has 
apparently decreased at all aeasuzed frequencies froa the 
values aeasured during Deceaber 1975. Between Hay and 
Bugust 1976, the radio aeasureaents at 10.7 GHz and 90 GHz 
show approximately the saae rate of decline. These data 
deaonstrate clearly that significant variability can arise 
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over tisescales that are cn the order of a eonth. Daily 
variability is apparent in the 10.7 GHz data, and is 
corroborated by concurrent variability vith the 2-6 keV 
Z^ray cata (Mushotzky et al. 1S78) . Kaufaann and 
Beall (1978) have observed the source at GHz during 1974 
and 1976 froB the Southern Beaisphere. The flux reported 
and the day-to-day teaporal variability are in general 
agreeaent with the synchrotron spectrua constructed froa the 
data presented by Beall et al. (1978) 

The l^ray power-lav spectral index as deterained from 
the available data is shown as a function of tiae in Figure 
3.6. In view of the iaportance of the possible teaporal 
changes in this spectral index for aodels of Cen A (see 
Chapter 4), it is of interest to deteraine the probability 
that the observations do indicate a statistically 
significant variation. The hypothesis of a constant 
spectral index, a, gives a chi-sguared value of 65.4 for 10 
degrees of freedoa. Thus, the probability that the 
fluctuations of the data are randoa variations about a 
constant value of a is less than 10~^. The two data points 
reported by Hushotzky et al. (1976) are usually thought to be 
the aost telling evidence for the variability of the 
spectral index. Even if we exclude these two data points, 
the reaaining data indicate the observations of the spectral 
index have less than a 2 percent probability of being drawn 
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£cc» a coDstant value 


Me have neglected the influence of 


possible systeaatic errors in calculating these 
probabilities: the effect of these errors would be to lower 

the confidence levels in a varying spectral index which we 
have derived. 

Ihere are several plausible acdels for the radio and 
X*ray radiation produced by the nucleus of Cen k* These 
■cdels will be discussed in detail in Chapter 7. However, 
several general consents can be lade in view of the 
concurrent radio and X-ray observations discussed above. 

The observed variations of the X-ray and radio 
radiation are consistent with the injection of a single 
burst of relativistic electrons in the galactic nucleus 
scsetine during 1971 or early 1972. These electrons produce 
the synchrotron radio radiation and the inverse Conpton 
X-ray spectrnn. k delay between the rise in the X-ray flux 
and the 10.7GHz flux density is to be expected because the 
electrons responsible for the burst are initially opaque to 
their own synchrotron radiation (van der Laan 1966), though 
transparent to X-rays. Such a delay cannot be confirned due 
tc lack of data at 10.7 GBz prior to 1973. This 
interpretation of the data is, however, supported by the 
high flux values that were seasured at 89 and 31.5 GHz 
during 1970 (Figure 3.1). The short-tern variability night 


net be expected vith the van der Laan interpretation which 
invokes adiabatic expansion, but nay be adequately explained 
by turbulence in the source (Pacholcxyk and Scott 1976). 
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CHAPTER a: CBSEEVATICNS OP 3C273 
(i«1: Introduction 

3C273 is one of the nearest and brightest quasars 
(t=0.156, or 676 Rpc) , with an absolute visual aagnitude of 
Rs*22. The quasar is also apparently associated with an 
optical jet. 

At radio frequencies, 3C273 has been the subject of two 
Icnq-tera observing prograas. Hobbs and Dent (1977) and 
Bcbbs (1S76) have observed 3C273 intersittently from 1970 
through 1977 at 90 GHz, and report significant variability 
on a tiaescale of years. Shorter tiaescale variability aay 
also be present in the data. Andrew et al. (1978) have also 
developed an extensive record of cbservations froa 1970 to 
1976 at 2.8 ca (10.7 GHz) and 4.5 ca (6.7 GHz) which shows 
variability on the saae tiaescale and of the saae general 
character as the work of Dent and Hobbs. However, there 
appears to be an anticorrelation between the low and high 
frequency fluxes. Finally, waak and Hobbs (1978) have 
reported observations of 3C273 at 1.65 ca (18.2 GHz) and 
0.95 ca (31.6 GHz) which extend the frequency range of the 
Observations, and, in general, confira the aforeaent ioned 
variability. The radio spectrua asseabled froa various 
observations is plotted in figure 4.1. Recent observations 
*>y 0*Dell et al. (1978) produce a spectrua for the source 
froa 10 to 10** Hz consistent with the plotted data. 
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At infrared frequencies# 3C273 has been obseried 
estensively due to its high luminosity and intrinsic 
interest as a source* Hieke and low (1972) report a 0.3 Jy 
variable flux. For a source at a distance of 876 Hpc# this 
inplies a luminosity of 4.0x10*^ ergs s~* between 7.9 and 
13«3 microns. O'Dell et al. (1978) have reported an 
infrared spectrum between 10>* and 10>* Rz observed 
concurrently with the radio data mentioned above. Their 
infrared data are in general agreement with ether 
observations. Measurements by Kemp et al. (1977) in the 
range of 1-6 microns Indicate that the polarizaticn of the 
nuclear source is surprisingly low (0. 13±0.06 percent). 
Schmidt and Peterson (1S76) have obtained measurements of 
the jet associated with 3C273 which show that the jet is 
also unpolarized (3.7±4.1 percent). 

Spectra of 3C273 have been obtained by Oke and Shields 
(1976) from 3300 to 10500 Angstroms which show broadened 
emission lines of Fell and 01. Sandage (1964) reports 
optical variability of approximately 0.1 magnitudes. 
Davidson et al. (1977) have observed the source with an 
instrument flown by rocket# and have obtained the optical 
and ultraviolet spectrum of the source. The data show an 
optical and ultraviolet continuum with broadened emission 
line features. The power-law spectral index# a, of the 
non-thermal continoun from 1x10»^ to 4x10** Hz obtained by 
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ccBpacing these observations with the work of Grasdalen 
(1S75) and Oke and Shields (1976) is a =1.0. The spectrum 
between 4x10** (the frequency of the hydrogen alpha line) 
and 2.5x10*s xs significantly flatter with a =0.6. Davidson 
et al. note that the spectral index aust increase beyond the 
lyaan-alpha line (2.5x10^*) , since the extrapolation of 
their data to X-ray frequencies would be greater than the 
X-ray flux observed. On the basis of these observations, 
they conclude that the optical and ultraviolet spectrum of 
3C273 cannot be adequately described by a single power-law. 
Their conclusion has been confiraed by other workers. Nu 
(1977), using observations taken by the ANS satellite, 
derives a "de-reddened” ultraviolet spectrua. The corrected 
spectrua was reported to be F (v) = 1. 10o““»ergs cb”*s“ 
where I (v) is the flux density at a frequency v. This 
spectrux is in agreement with that of Davidsen et al. 
(1977). Boksenburg et al. (1978) obtain siailar results 
with osi.o froB the IDE data. 

The first X-ray detection of 3C273 (Boyer et al. 1970) 
caae fxoa a rocket flight on 14 June 1969. The flux 
obtained from that observation was 3x10”*® ergs cb”*s-» 
froa 1 to 10 keV, which iaplies a flax density of 
(1. 17±0.4C) xIO-*® ergs ca-*s“*Hx-> at 10»® Hz. Using data 
fxoa the UHUfiU satellite, Kellogg et al. (1971) obtained a 
flux of (6.6±1.0)x10“*> ergs cb”*s"> in an energy range from 
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2mk to 6.S keV. 3C273 was also observed by Ariel V in 
Deceabei 1S75 and 1976 (Sanford 1977) • The aeasured 
spectrui over the UHUFU energy band agrees with the previous 
results and shows no variability. Pounds (1977) has 
obtained evidence for variability in the X-ray data froa 
2r10 kef using the Ariel V data from the Sky Survey 
instrunent. In that work, he notes a possible correlation 
between the low energy X-ray flux and the flux density at 
2.8 cw taken by Andrew et al. (1S78) . 

The 2-sigwa upper limits obtained using the skynap 
analysis (see Chapter 2) are plotted in figure 4.2 for the 
1S76 OSC-6 observations. An extrapolation of the spectrum 
reported by Sanford (1977) is shown for comparison. The 
upper limits from the oso-8 dabi ere in ngreeient with the 
Ariel V data. 

4.2: Discussion 

The radio observations previously reported can be used to 
ccnstruct a radio spectrum for 3C273. As previously 
mentioned, these data are plotted in figure 4.1. Possible 
spectra are drawn through the data points which are 
concurrent. The spectrum is consistent with radiation from 
a synchrotron source with a maxiana flux at 8 to 15 GHz. 
The low frequency decrease in the radio flux is suggestive 
of a low-energy cutoff to the distribution of relativistic 
electrons, since the value of the power-law spectral index. 
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a# io the radio at <10^ Hz is -0.3. At higher frequencies, 
the synchrotron spectrun can also deviate from a straight 
power-laN. Relativistic electrons can lose energy by 
synchrotron radiation. the nore energetic electrons lose 
energy acre rapidly than less energetic electrons. This 
preferential energy loss causes a break in the electron 
spectrui and consequently, a break in the spectrun of the 
synchrotron radiation. If there is a change in o due to 
synchrotron losses, «e would expect the value of o to change 
froB 0.5 observed between 10*o and Hz to approxinately 

1 at higher frequencies. The infrared data do have a 
spectruB with a=1. This suggests that the radio and far 
infrared spectrun of 3C273 nay be produced by a single 
synchrotron source. The spectrun flattens in the optical 
range, and then steepens again to a >1.21 beyond the 
lysan-alpha line frequency. 

The coaposite spectrun of 3C273 as taken fron published 
data is plotted in figure 4.3. It should be noted that the 
observations for 3C273 are not for the nost part taken 
cicncurrently. The suggestion of concurrent variability 
between the 10.7 GHz flux density and the 2'*10 keV X-ray 
flux (Founds 1977) is reniniscent of the concurrent 
variability at 10.7 GHz and 2-6 keV reported by Hushotzky et 
al. (1976) for Centaurus A. If this pattern of variability 
also occurs for 3C273, it implies that the morphologies of 
the eaitting regions of the quasar, 3C273, 


and the 


elliptical galaxy, Cen A, eay be sitilar* In this regard, 
it eay be noted that Stcckton (1976) has discovered a galaxy 
associated with 3C273. 
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CHAPTES 5: CBSISVATICNS OP HGC ft 151: 

5.1: IrtcoductioR 

Ihe seyfect galaiy NGC ft151 is a highly inclined spiral 
at a distance of 19 Hpc. Like Centaurus A it has been 
cbsecved at frequencies eitending froa radio to X-ray. It 
is iaportant to consider these results in sodelling the 
eiissico aechanisas in the source. 

At radio frequencies, MGC ftlSI is a relatively weak and 
constant source, and has consequently not been extensively 
observed. De Bruyn and Willis (1974) measured the total flux 
of the nucleus to be 135 (±10) Jy at 6 cs (4.996 GHz) using 
the Hesterbork aperture synthesis telescope. Colla et al. 
(1973) have reported that the power-lav spectral index, a# 
from 6 to 73 ca has a value of 0.7fti0.05. On 31 Oct 76, 
COndoD and Dressel (1976) observed NGC 4151 osing the NRAO 
3-eleaect Interferometer and reported the flux to be ISStIO 
nJy at 2.695 GHz and 89i10 mJy at 8.085 GHz. 

At infrared frequencies, Seyfert galaxies in general, and 
NGC 4151 in particular, have been observed extensively. 
Considerable controversy exists over the nature and degree 
of the apparent variability. Penston et al. (1971,1974) 
have detected variability in the infrared at 1.6 and 2.2 
microns using a 15 arcseccnd aperture. They also report 
variability at 3.4 microns using a 10 arcsecond aperture. 
No attempt was made to determine the statistical 
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significance q£ t.t^ls re ported infrared rariability. Bieke 
and Lev (1972) obtained ralues of 0.3t0.7 Jy at 33.5 aicrons 
for observations taken on 16-19 Feb 75 using an 6.5 
arcsecond aperture, and 1.2 Jj at 10 aicrons with no 
evidence for variability at either frequency. Keep et al. 
(1977) note very saall (0.13i0.06) percent polarization of 
RGC 4151 at 10 aicrons. 

At optical frequencies. Pension et al. (1971, 1974) have 
observed variability in the OBV fluxes froa the nucleus of 

4151. The observations showing this variability were 
■ade with a 25-arcsecond aperture and were conducted 
concurrently with their infrared observations aentioned 
above. lyuty and Pronik (1975) on the basis of a 
ccapilation of their own and previous results, state that 
the 0 lagnitude of the nucleus of NGC 4151 varies by 1 
aagnitude over periods of several years, and also exhibits 
short flares of 0.5 to 0.8 aagnitude on tiaescales of 20 to 
100 days. Oltraviclet observations by Hu and Heedaan (1976) 
froa the ANS satellite also suggest variability at 
wavelengths shorter than the 0 band. 

liGC 4151 is a relatively weak X-ray source at low 
energies. Gursky et al. (1971) report a 3.8-sigaa detection 
of a flux in the direction of RGC 4151 using the OHOBU 
satellite. The spectrua of NGC 4151 has, however, been 


- 44 


deterained to be very hard. An X-ray flux fros 7 to 110 kev 
has been detected by Baity et al. (1975) with a spectrum of 
1«2x10~* photons keV-* , Ives et al. (1976) 

snggest, on the basis of a disagreeaent between their Ariel 
? value and the DROSa flux aeasured in 1970-71, that 
absorption of the lov-energy x-rays aay have changed. 
Bcwever, they find no evidence for variability of the 
pcwer-law portion of the spectrum in their data, taken in 
Mcv 197<i and Jan 1976. Olaer (1977) shows a range of flux 
levels froa DHaHD (2 to 6 keV) of 4.8 to 12. 7x10~> * ergs 
ce*2s-t on tiaescales less than a week, while Tananbaua et 
al. (1976) report variability on extreaely short tiaescales 
(10 ainutes or less) by a factor of 6 (±2, -2. 2) over the 
average rate. flushotzky et al. (1978) have shown that the 
flux frca the nucleus at 2-6 keV varies in intensity by a 
factor of 2 on tiaescales of days. However, they do not 
find evidence of significant changes in the absorption 
coefficient or the power-law spectral index of 1.(I2±0.06 
used to fit their spectra. Recently, Aurieaaa et al. (1978) 
and Schcenf elder et al. (1978) reported the detection of 
gaaaa-rays at >1 Rev froa the direction of NGC 4151. Their 
data are plotted in the coaposite spectrua of NGC 41!>1 in 
figure 5«5. 
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5*2: Observations 

MGC 4151 was observed at radio, infrared, optical, and 
X*ray frequencies during the interval from 18 Ray through 12 
June 1977- The radio observations at 2.695 and 8.085 GHz 
•ere taken by the author using the NRAO 3-elenent Greenbank 
Intezferoaeter on 31 Ray 77 and 3 June 77. The data were 
reduced using the standard NHAO prograas (Hjellaing 1973), 
and are listed in table 5.1 and plotted in figure 5-1 along 
with radio aeasureaents by other observers. 

Infrared aeasureaents were taken by Bieke (1977) and 
Pipher (1577 ) , and optical (OBV pbotoaetry) aeasureaents of 
the source were taken by Wisniewski and Tapia (Tapia 1977). 
These data are plotted as an infrared to ultraviolet 
spectruB in figure 5.2. The optical data for 30 Hay 1977 is 
noraalized to an aperture of 10 arcseconds. 

high energy X»ray observations of the nucleus were 
reduced by the author using the standard skyaap routine (see 
Chapter 2). These data are coapared to the data obtained by 
other X-ray observers in figure 5.3. Badio, optical, and 

X-ray flux densities are shown as a function of tine in 
figure 5.4. 

Ho evidence is found for variability at radio frequencies 
during the observing period. It seeas likely that the 
slight decrease in flux suggested by figure 5.1 for longer 
tiaescales is an aperture effect, since the higher fluxes 
are those frou detections of the total flux without 


resclution of the nuclear coaponent. The lower flux at each 
frequency is believed tc ccae fxoa the nuclear conponent. 

There is also no evidence for variability in the infrared 
portion of the spectrua at wavelengths greater than 2.2 
■icrcns. There is apparent variability at 1.25 and 1.65 

■ictons, but it is possible that the variability say result 
fiOB instrusental effects in the two different systews 
involved in the observations. 

In contrast with the radio and infrared observations, the 
OGV photosetry does show significant variability during the 
observing period. This data is plotted in figure 5.4 with 
the 2**6 keV X-ray data of Hushotzky et al. (1978) which also 
shows significant variability. The source is sufficiently 
weak that daily variability at energies above 20 keV cannot 
be detected with the current X-ray spectroseter. . 

5.3: Discussion 

The cowposite spectrua froa radio to X-ray is plotted in 
figure 5.5 for MGC 4151 during the observing period. The 
radio spectrua is relatively weak coapared to Cen A and 
3C273. A straight-line extrapolation of it falls below the 
observed X-ray spectrua. On the basis of this fact, and the 
lack of variability of the radio data, it is unlikely that 
synchrotron photons responsible for the radio observations 
are inverse Coapton scattered to produce all of the observed 
X-ray flux. 


- 47 - 




Ibe infrared spectrun at wavelengths less than 3.^ 

■ icrcns is reasonably well fit by a power-law (a =1,26). 
The infrared spectrua say be synchrotron radiation^ cr it 
■ay be caused by the sunned enission of a nunber of thernal 
sources (stars and dust) with varying tenperatures (Rieke 
1S77). In the latter view, the thernal enission nay be 
excited by the non-thernal source, ultraviolet light, or 
particle interactions. The apparent lack of variability of 
the infrared data suggests that the nechanisn associated 
with the infrared flux is not directly related to the 
variable, non-thernal source as evidenced by the X-ray data. 

He are left with a possible association between the 
variable optical and the variable X-ray sources. 
Onfortunately, due to lack of coverage, we have evidence 
only that the optical and l-ray fluxes varied during the 
observing period. He do not know if they varied 
sisQltaneously. 

It is possible that a pover-lav spectrun contributes to 
the OBV photonetry observations. Hu and Heednan (1978) find 
that the corrected spectrun for the ultraviolet continuun 
can be fit by a power-law with a spectral index of 1.13±0.1. 
Boksenburg et al. (1978) report that the spectrun fion 
optical to ultraviolet nay be fit by a power-lav with a 
spectral index of 1.0. They note, however, that the 
spectrun tends to flatten toward Icnger wavelengths. 
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6: 0BS££VJ;TICNS op IHL G&IACTIC CBNTEF (OCX) 

6.1: Intcoduction 

Closest to hone of all galactic nuclei (which is whece, 
accosding to David Stern (1S75 ) , Astrophysics and Charity 
begin) is the nuclear region of the Hilky Way. Partly 

because of its proxinity* and partly because it is obscurred 
ftCB our optical view, the galactic nucleus has been 
intensively studied at radio, infrared, X*ray, and gaana-ray 
f reguencies. 

6.1«1: £adio Observations of the Galactic Center Begion 

Ealick and Brown (1974) , using the KBAO 4-eleaent 
interferoaeter, have observed an intense, unresolved (less 
tban 0.1 arcsecond) source within the inner 1 parsec of the 
galactic nucleus. The aeasureaents were taken at 
f reguencies of 2.695 GHz (2.8 ca) , and the brightness 
tea'perature reported for the source is greater than 10^ K. 
Balick and Sanders (1974) present synthesis naps of the 
Galactic Center at 2.7 and 8.1 GHz using the J-eleaent NBAO 
interferoaeter. Their data show three principal sources of 
radio enission. Further investigation of one of these 
sources (called Saggitarius A) at 8.1 GHz shows a highly 
resolved structure. Osing a 2 arcsecond bean, this region 
has a typical scale size of 10 arcseconds. If we assuae the 
region is at a distance of 10 kpc, the corresponding li^iear 
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diBCDsicD is 0.5 pc. ?be flux density of the source is 25±5 
Jy at 2.7 GHz. Balick and Sanders also report a weaker, 
unresolved (<2 arcseconds) structure within the northern 
ccnplex of Saggitarius A. The galactic center is 
custoiarily identified with this ccnpact radio source and 
with the extended infrared source at the saae location (see 
next section). 

The possible detection of a radio flare at an angular 
separation of 5 arcseconds from the galactic center has been 
reported by Davies et al. (1976). The data consist of a 
single detection on 30.2 March 1975, sandwiched between 
proceeding and subsequent observing runs which produced only 
upper limits. This radio detecticn followed an X-ray flare 
(lyles et al. 1978) from the sane general region (within 7 
arcminutes) by approximately one ncnth. The temporal and 
spatial proximity of the radio and X-ray flares may imply 
seme cemmen origin but the connection remains uncertain. 

6.1.2: Infrared Observations of the Galactic Center 

Infrared observations of the galactic center by Becklin 
and Keugebauer (1968 and 1969) , and Low et al. (1969) have 
shown the region to be an intense infrared source. Bieke 
and Low (1973) produced infrared maps of the galactic center 
with 5 arcsecond resolution. Some structure is evident in 
these maps, taken at wavelengths of 3.5, 5.0, 10.0, and 20.0 
microns. Becklin and Neugebauer (1975) observed the region 
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at 2.2 aicroQS with ati angular resolution of 2 arcseconds. 
Iheir data shov considerable structure to the infrared 
eaission froa the galactic center, including an extended 
source coincident with the ccapact radio source reported by 
Balick and Brovn (1974). Becklin et al. (1978) have 
obtained saps of the galactic center region in the near 
infrared. Froa an analysis of these naps, they conclude 
that the infrared source is likely to be a star cluster with 
a density greater than lO^He pc~3. 

6.1.3: X**ray and Ganaa-ray Observations of 

the Galactic Center 

The literature on X-ray observations of the Galactic 
Center is both extensive and confused. Initial observations 
suggested a possible hard X-ray source near the galactic 
center (Friedaan et al. 1967, Boldt et al. 1967) After 
that, the specificity of the galactic center observations 
rapidly deteriorated due to aore sensitive instruaents and 
sonewhat better angular resolution. Due to this wealth of 
inforaation, we will confine our discussion only to those 
sources likely to be associated (or confused) with the radio 
and infrared source at the galactic nucleus. 

Buselli et al. (1968) reported a significant hard X-ray 
flux froa the galactic center extending as a power law with 
a spectral index of 2.0 to alaost 200 keV. The conical 
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field ot viev of the balloon-borne detector was 6 degrees 
ISlib. In a lore extensi?e analysis of the Buselli et al. 
data» Thoaas et al. (1975) conclude that the source of hard 
X-rays «as GX14-4. Bradt et al. (1<6e) using data froa a 2.1 
M 20 degree rocket-flown X-ray detector with an energy range 
of 2 to 6 keV coapared their data with count rates obtained 
by Gursky et al. (1967) to htteapt to locate the positions 
of the sources present near the center of the galaxy. fie 
should ncte that this is a reliable aetbod only if the data 
are taken between intervals short coapared to the tiaescale 
of variability of the source. Their work found no source at 
the position of the galactic center. Fischer et al. (1968) 
detected possible aultiple sources near the galactic center. 
Iccording to their data, the sources reaained at the sane 
intensity between two rocket flights conducted in 1964 and 
1965. Lewin et al. (1969) reported the detection of high 
energy x-rays froa four separate galactic center sources, 
but did net concur with Buselli that the source nearest the 
galactic center was GX34-1. Levin et al. concluded that the 
doainant source of high-energy X-rays in the region was 
GX1+4. Schnopper et al. (1970) deterained the positions of 
the sources GXli-l and GX5-1 to within 1 or 2 arcainutes 
using a rocket flown rotation aodulation colliaator. Mayer 
et al. (1970) refined Bradt *s X-ray positions using data 
taken froa rocket flights. As their detector scanned across 
the galactic center, the data showed an increase in count 
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featt# ¥tich they associated with the source GX-2.5. tewin 
€t al.(1971), during obserTations of the galactic center 
tegicn, reported flux changes by factors of 2 to h during an 
interval of 40 ainutes with rise tines and decay tines of 
about 1 ninute for observations of GX1*4 at energies fron 18 
to 50 keV. One of their scans through the region also shows 
an increase in count rate fron the vicinity of the galactic 
center ky an anount equal to to that produced by GXH4. 
Sone variability nay also be present in the data. lewin et 
al« choose to associate the second hard X-ray detection 
with GX3f1. The detector had a field of view of 1.5x13 
degrees FUHH. Bicker et al. (1973) present relatively hard 
spectra of GX1-**4 and GX3t1 using balloon data from a sinilar 
detector to Lewin et al. Coe (1978) also reports the 
detecticn of a hard X-ray source in the vicinity of the 
galactic nucleus. The OHOBO satellite (Kellogg et al. 1971) 
showed an extended region of eiission (approxinately 2 
degrees) near Saggitarius A at 2-10 keV. Be conclude the 
discussion of these observations by noting that the data are 
consistent only If we assune that the sources which produce 
the observed X-ray flux fron the vicinity of the galactic 
center vary in intensity. 

The first report of variability fron a source 
associated with the galactic center region was nade by Eyles 
et al. (1977) using the Ariel V rotation aodulation 
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cclliaator (EHC) eiperiaent. The X-ray flux for the source 
117*42-254 increased by a factor of t«o over a 3 to 4 day 
interval, and then declined over a period of approxinately 
12 days. Wilson et al.(1577) note that the S'tC data also 
show GX3*1 and GX5-1, as well as the X-ray transient source 
previously nentioned. Cruddace et al. (1976) have 
dencnstiated that there are several 2-10 keV X-ray sources 
within 2 degrees the galactic center, but suggest that the 
■ajor source of x-rays is the transient source A 1742-294 
detected with the BHC on Ariel V. Jernigan et al. (1976) 
have observed a flux of 1.28X10”»®ergs ca-^s-* fro* 2-11 keV 
in day-June 1977 fron the position of the transient source. 

At higher energies, Rniffen and Fichtel (1970) report 
the detection of ganna radiation at energies greater than 
100 BeV. Hayaes et al. (1975) report balloon aeasureaents 
of a gaaaa-ray spectrua froa 0.02-12.27 ReV using an 
instruaent with an angular resolution of 13 degrees FHHH. 
At the tiae of the observations, the instruaent was pointed 
in the vicinity of GX14-4. Baynes et al. also report a 
S^signa detection of line eaission froa the galactic center 
region at an energy of 0.5 Hev. This result is corroborated 
by 1 recent detection of line eaission at 511 keV by an 
instruaent with a field of view of 15 degrees FWHH has been 
reported by Leventhal et al. (1978) froa the direction of the 
galactic center. 


6»2: Observations 


The High Energy Spectcceeter on OSO-8 has eapped the 
galactic center region as the anti»£pin axis of the 
spacecraft drifted through the region in August and 
Septesher 1975, 1976, and 1978. The data for the 1975 and 
1976 observations are available and are presented here. The 
data are analyzed using the skyaap technique as described in 
Chapter 2. Ihe positions of the knovn sources 0X5-1, GX3+1, 
and 6X1+^*, and the radio/infrared position of the galactic 
center are used to fit four sources to the data available in 
the skyaap. The spectra of 6X3«1 and GCX (the Z-ray source 
at the infrared/radio position of the galactic center) are 
shown in figures 6.1 through 6.4, respectively. 

Me note that the low-energy X-ray data for the 1975 
observations of GX3+1 represent a 2-sigaa detection of the 
source between 23 and 33 keV. The 1976 data for GI3-*-1 are 
at the 1-sigaa level froa 23 to 33 keV. In contrast to the 
relatively weak source the position of GZ3-(-1, the X-ray 
source at the radio and infrared position of the galactic 
center (GCX) eaits a strong, hard flux during both observing 
periods. For the 1975 observation, the data are fit by a 
power-law spectrua with paraaeters of (6.76i6. 13) x 10~^, 
Bo=70keV, and a=3. 38±1.03. For the 1976 observations, the 
data are fit by a pover-lav with paraaeters of 
A= (4.0811.09) xIO-^, Eo=70keV, and a=2.28±0.35. This 
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suggests the possibility that the powec-lav poEtion of the 

/ 

X*ray spectcua froa the galactic center say be variable. 
The results tcos other sources represent sarginal detections 
or upper lisits. 

Ihe coverage of GX1t4 for the 1975 observation (the only 
tine the source vas in the detector's field of viev) would 
allow only a aarginal detection if the source were at the 
intensity reported by Ricker et al. (1973). The aeasured 
flux is consistent with data obtained with other 
instruaents. It is inportant to note that the observations 
taken by CSO-6 in July and August 1975 do not rule out the 
possibility that 6X1-*-4 has a hard X*ray spectrua. Rowever. 
the 3 days of observation by OSO-8 in 1975 were sufficient 
only to produce upper liaits for the X-ray flux. The 
skyaaps are produced as the spacecraft drifts through a 
particular region of the sky. The tine the detector spends 
exposed to any area varies greatly. Thus, for the 1975 
observations of the galactic center, the observations of 
611^4 represent an exposure to the source of approxiaately 3 
days, while the observations of the galactic center source 
represent an exposure of approxiaately 9 days to that 
source. For the 3 days of observation tine on GX1«4, the 
flux detected froa 43-63 ke7 was (2.05±1.57) x10~* photons 
ce-*s"*. 
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Cn the basis of the observations of the galactic center, 
ve conclude that the dominant hard X>ray source in the 
galactic center region is at a position coincident vith the 
radio and infrared position of the nucleus of the Rilky Bay 
galaxy. In view of the flaring in the low-energy X-ray 
range that has been associated with this source, the 
suggestion of variability which is present in the CSO-8 data 
Bay not be unreasonable. 

6.3: Piscussion 

The radio, infrared, and X-ray fluxes taken from the 
literature and froa the OSO-8 data are shown in figure 6.5 
as a ccaposite spectrua. Me should note that the 
observations have not been taken concurrently. 

The location of the coapact radio and infrared source 
effectively defines the position of the nucleus of the Rilky 
■ay galaxy. The hard X-ray source which we have detected is 
within approxiaately of that position. It is unlikely 
that GX3t1 contributed a significant, tiae- averaged, hard 
X-ray spectrua daring the OSO-8 observations of the region. 

There is considerable evidence that the nuclear region 
of the galaxy contains a dense cluster of stars (Eecklin et 
al. 1978) • The apparently variable nature of the coaplex 
association of low energy X-ray sources in the region is 
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ccnsisteot with our understanding of evolved binary systeas. 
However, tbe association of a hard X-ray source with this 
ccEplex region represents a significant advance in our 
kcowledge of the physical environnent in the nucleus of the 
galaxy. 


CHAPTER 7;THE0ET 


7.1: Cectaurus A (K6C 5128) 

thete is luch tore data available for Centaurus A than 
for any ether galactic nucleus observed. Consequently, ve 
will construct a detailed sodel of the nucleus of Cen A and 
address the ether galactic nuclei only as the data persit. 
First, ue will develope a aodel which can reproduce the 
spectral features of Cen k, and then we will analyze the 
observed tesporal variability in light of this sodel. 

7.1.1: Models for the Spectral Features of Cen A 
7. 1.1.1: The filackbody-Cospton Model 

The radio radiation fren Cen A*s nucleus is ^l^ost 
certainly synchrotron in nature. The X-ray radiation is 
Bost likely to be photons inverse Cespton scattered by the 
relativistic synchrotron electrons. Previous sodels are 
based on the assuaption that the photons scattered in this 
way are the synchrotron radiation fros the relativistic 
electrons soving in the sagnetic field, the so-called 
synchro tron-Cospton sodels. If these sodels are correct, 
and the low energy cutoff in the radio data is caused by 
synchrotron self-absorption, then both the sagnetic field 
and the angular diaseter of the source can be calculated 
fros the seasured synchrotron and inverse Coapton fluxes 
(see e.q., Kellersann and Pauliny-Toth 1968). Grindlay 
(1975) has proposed such a sodel in which the high energy 


59 


l-*£a>s axe produced as syncbto-ccapton radiation froa the 
source xesponsible for the centiaetet and ailliaeter radio 
data. In this aodel, the low energy X<>rays are aainly the 
synchrotron eaission froa a second acre extended radio 
source. Mushotzky (1977) has proposed a siailar aodel which 
uses only one source of synchrotron and synchro-Coapton 
radiaticn. This aodel accounts for the spectral wariability 
of the I*rays by adiabatic expansion (after van der Laan 
1966) and and by synchrotron losses. Both of these theories 
require that the spectrua of the aicrowave source extend 
into the infrared. kt present* the siaultaneous 
Observations in the radio and infrared which aay corroborate 
this aseoaption are unavailable. Tucker et al. (1973) 
suggested that the x>ray radiation aight be produced by 
inverse Ccapton scattering of the infrared photons. This 
radiaticn is eaitted by dust grains heated by 
electroaagnetic radiation froa the non-theraal source. 

He propose here (as in Beall et al. 1976) a aodel for 
the nucleus of Cen k in which X«>rays are produced by inverse 
Coaptoc. scattering of a blackbody radiation field located in 
a saall (£lOpc) region of the nucleus near the center* where 
the blackbody teaperature is auch greater than the 
teaperature suggested by the infrared aeasureaents of Runkel 
and Bradt (1971). Because of dust extinction* the optical 
luainosity of the nucleus is greater than that actually 
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observed. Thus# even foe starlight, the blacKbody photon 
distribution nay have an energy density such greater than 
the energy density of the 3K background radiation. He eust 
cfilcalate the energy density of the radiation field to 
detereioe vbether synchrotron radiation, the 3K eicrowave 
backcround, starlight, or a distribution of photons froe 
scee other source has the greatest energy density. The 
eniergy density of a distribution of theraal photons is 
propcrtional to a dilation factor which we call n. For 
photons cosing froa a distribution of stars, the value of 
is calculated in Appendix C. For a plassa, the factor is 
sisply the greybody approxisation for the energy density of 
the radiation in the plassa. For a distribution of stars, a 
dilution factor of less than unity is equivalent to saying 
that the sky in a galactic siucleus is not cospletely covered 
by the discs of stars. For radiation froa an optically 
thick, theraal plassa, the dilution factor is egual to one. 
S'uch an environsent has been proposed by Fabian et 
al. (1976) , who suggest that a aassiwe ( 10* He) black hole 
undergoing guasi-spherical accretion sill have an effective 
photosphere vith a tesperature of 10*K and a radius of 
approxiiately 5x10>^ ca. 

She suggestion of such theraal photon distributions in 
the nucleus of Cen A is supported by both the infrared 
■easureaents of Kunkel and Bradt (1971) and by the optical 
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The angular diaaeter 


■easurecents of van den Bergb (1S76) • 
of 5 arc seconds and the teiperatore of 250K obtained for 
the infrared source can be used to place an upper liait on 
the energy in the relativistic electrons in the emitting 
region. The 10«K blackbody photon distribution will be used 
in calculating the aagnetic field and linear diaension of 
the source. 

It is relevant to note here that the observed radio and 
X*ray flux densities do not track one another throughout the 
plotted interval (see chapter 3) . The 2-6 keV flux 
apparently does not share the fluctuation that occurs at 
10.7 and 31.4 GHz froa July 1S75 to July 1976, but continues 
to decline. The 100 keV intensity decreases during this 
period by a factor of approxiaately 3. Synchrotrcn-Ccapton 
aodels for Centaurus A cannot naturally account for this 
lack of concurrent variability, since the synchrotron 
photons are alvays in the sane voluae as the eiitting 
electrons. However, this lack of concurrent variability 
between the radio and X-ray data can be interpreted within 
the blackbody-Conpton nodel as being the result of an 
expanding cloud of relativistic synchrotron electrons 
leaving the region in which the density of the blackbody 
photons is high. In such a case, the synchrotron eaission 
nay stay constant or even increase as the x-ray flux 
decreases. Soae part of the decrease in the 2-6 keV flux 
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•ey ke caused by increased absorption of the lov energy 
X*rays in an ionized inter?ening •edium that is beginning to 
cecoabine. kn intervening aediua is suggested by Davison et 
al. (1S7£) and Serleiitsos et al. *1^75) who observe X-ray 
absorption consistent with 1,6*10*^ atoas of hydrogen ca“* 
along the line of sight. Van den Bergh (1975) notes that 
these observations are consistent with optical data which 
suggest an extinction of 100 aagnitudes. An initial burst 
of X-ray radiation associated with the injection of 
relativistic elections light ionize the intervening aediom. 
If the decrease in the 2-6 keV flux during 1975 were due 
solely to recoabination, the value iaplied for the density 
of hydrogen atoas is 10^ ca~>. Osing the X-ray absorption, 
and Kunkel and Bradt's infrared hot spot as a linear 
diaensicn, the density of hydrogen atoas becoaes 10 *cb~>. 
Ihe values are not inconsistent. Bovever, increased 

afasoiptioD does not account for the decrease in the 100 keV 
flux. 

7. 1.1.2: Conseguences of the Blackbody-Coapton nodel 

Ke assuae that the aabient radiation field in the 
nucleus is principally that of a blackbcdy. The cloud of 
relativistic electrons, the aagnetic field, and the 
blackbcdy photon field aay not be distributed unifcraly 
throughout the nucleus. If the relativistic electrons, the 
blackbody photons, and the aagnetic field occupy the sane 


region cf space, then we can calculate the relationship 
between the nagnetic field and the photon teaperature in the 
Source froa the ratio of the X-ray flur density, ^ » to 

the synchrotron flux density, F (\^) > The frequencies are 
chosen such that and Vg are in the power-law (unabsorbed) 
portions of the radio and X-ray spectra, respectively. Ne 
also assuie that the relativistic electrons have a power-lav 
spectrua of the fora where N (y) is the electron 

nuabcr density in electrons ca-* at a particular value of y , 
the ratio of an electron's total energy to its rest aass 
energy (a^c2) , and n is the power-lav spectral index of the 
electron nuaber spectrua. lo account for the possibility 
that the energy density of the theraal photons is not equal 
to that of a blackbody, we aodify equation h-53 cf Tucker 
(1976) by inserting the dilution factor, n. Coabining 
equations 4-53 and 4-50 then yields: 

-19 3 ^ 

= 7 ~ - 2.47 X 10 -^^(5.25 x 10^) 

* 

a(n) 


where B is the aagnetic field in gauss; n is the 
dilution factor which accounts for the greybody 
approziaation; a(n) and b(n) are deterained froa the 
synchrotccn spectrua and depend only on the electron power 
lav index, n; T is the teaperature of the theraal photon 
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distiibatioQ in degrees K; and q is the pover-lav spectral 

i 

I index of the X-ray energy spectrua. Note that q«(n-1)/2. 

le choose '^=2.hx10»8Hz (100 keV) and Vg = 5x10i®Hz. 
Sobstituting these values and g-c,S (which iiplies n»2, 
b(2)s5.25, and a (2) >0.103) froa 1-ray observations into 
equation 7.1 yields: 

F(v^ ‘ * 10**20 

Id the 1974 observations, the ratio of F('^)/F(v) at the 

fl 

chosen frequencies was found to be 8.4x10~’^« Thus, froa 
fquatioc 7.2, 

7.3 n = 2.02 X 10^5 

If we use the tewperature suggested by Fabian et 

al. (1977) of 10*K, and a dilution factor of ^2 = 1, equation 

7.3 yields a value for the aagnetic field B=2.9 gauss. This 
is considerably greater than a typical galactic lagnetic 
field, which is on the order of licrogauss, but nay be 
reascnarle for the dense plasaa suggested by Fabian et al. 
klternatively, we nay allow the source to be optically thin 
((2<1), and assuae that the photons cone froa 0 or 6- type 
stars in the galactic nucleus (see kppendix C) , or froa an 
optically thin plasaa. For these cases, also, we let 

T«10®K. Consequently, the value of the aagnetic field is 
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considetatly lower. The exact value depends^ obviously* on 


• for * the eagnetic field becomes 1,0x10“* gauss, '* 

for a self-absorbed synchrotron source* the sagnetic 
field* E (in gauss) * is given by the relation 

7-4 B • 2.2 X 10^ F(v )‘^ V ^ 6^ 

in in 


where F(Vjjj) is the aaxiaua synchrotron flux density in 
Jy* is the frequency in GHz at which the flux density is 
a saxiauv* and 6 is the angular size of the source in 
arcseconds (Slish 1S63 and Silliais 1S63). For B=2.9 gauss 
(^2=1)* and the frequency at which the observed radio flux 
density is naxiaua <^^25 GHz}* we obtain from Equation 7.0* 
0-1.7x10“* arcseconds. This corresponds to a linear 
diaseter of 50 light days. If we choose T=10*K* then the 
values of B and 0 are 1.0x10~* gauss and 4.5x10“* arcseconds 
(12.€ It. days)* respectively. From the example cited in 
the previous paragraph* we take and T=10*K. Then 

Est.iix1G“* g* and 0 is 2.5x10~* arcseconds (7.3 It. days). 
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7. 1.1.3: in upper linit for the Energy Contained in 

Relativistic Elections in the Nucleus of Cen i. 

Ihe change in the X-ray spectral index as a function 
cl tiae, if it is real, has iaportant physical consequences 
(see section 7.3 for a discussion). The apparent tendency 
of the spectral index tc harden vith tiae during the initial 
X-ray brightening indicates that particle acceleration nay 
be taking place during that period of tine. Particle 
acceleration or sene repopulation of the enitting 
relativistic elections is also suggested by the fluctuations 
in the radio spectrua throughout the observing period. This 
evidence for continuing particle acceleration suggests that 
only a snail fraction of the total energy in the nucleus of 
Cen 1 is enitted in the form of X-ray and radio radiation, 
the renaining being contained in kinetic energy of the 
ejecta, theraal energy, aagnetic field energy, etc. It 
follows that the energy release which was observed in the 
nucleus of Cen A nay be sufficient to lead to the eventual 
fioraation of a pair of radio lobes siailar to those that are 
already present. Ne pursue this line of reasoning in soae, 
detail. 


Ihe energy density of the relativistic electrons, , 
can ke expressed as (Tucker 1976) 


7.5 


e = Y m c N 
e e e 
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vberc is the "average" total electron energy and 

is the average density of electrons in soee eiitting region, 
nay te expressed as 
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"e ■ J, 
’0 


N(Y)dY 


for the pover-lav distribution of electrons, N(y)*AY”", 

between the values of Y froa y^ to Y|- Assuaing that the 

pover^law portion of the synchrotron spectrua extends froa 

21 to 9C GHz, \ and y^ are approxiaately 10* and 10*, 

respectively, the exact values depending on the aagnetic 

field (Ginzberg and Syrovatstii 1S65) • The flux density of 

the inverse Coapton X-ray radiation, F(v), caused by 

c 

inverse coapton scattering froa a theraal photon field with 
energy density u=naT^ (where a is the first radiation 
constant, T is the effective teaperature, and ^2 is the 
factor to account for the greybody approxiaation) is, 

following Tucker (1S76) : 

L(v.) 


-—2 
'^c 4V 


7.7 


^•2 X 10 ^ ^ j3+q < 2.1 ^ 

3d 2 ''e 


Here, D is the distance to Cen A in ca (1.55x10** 
casSBpc) , fi is the radius of the eiitting region in ca , and 
L(v ) in ergs s-*Rz'~* is the luainosity at a frequency v^. 
The X-ray and radio spectra are consistent with n«2 (g-0.5),. 
which gives b(2)=5.25. 


68 


Ihe tlackbody-Cc«pton radiation lechanisni is relatively 
sensitive to the effective temperature of the blackbody 
photons. By choosing a lover lisit for the tonperature, ve 
can find an upper liait to the total energy in relativistic 
electrons. The 250K value obtained for the infrared source 
is certainly a lover lisit for the effective teaperature, 
and suggests a dilution factor of unity since the infrared 
source certainly contains the galactic nucleus. 
Substituting T=250K and B=5 light days into equation 7.4, 
ve find that the noraalization constant A becoses 1.7x10^ 
cBi“’, corresponding to an electron density, N^, of 7x10* 
electrors cir> for the observed value of F(u). Substituting 
this value into equation 7.4 yields c^=6x10^ ergs cs~* as a 
■axiiuE energy density for the relativistic particles. For 
T=10* and lO^K, A becoaes 2 and 10-^ ergs ca~’, 
respectively, assusing fi-1. If the eaitting region is the 
only region in the nucleus that contains these relativistic 
particles, then the Baxiaua energy of the source for the 
observed outburst is 6x10’*<i ergs. This is coaparable to the 
energy release in a supernova. 

It is possible, hovever, that the radiation ve see aay 
ccae ficB regions of enhanced aagnetic field strength or 
blackbody photon energy density, or both. If this is true, 
there aay be non^eaittlng regions within the nucleus that 
contain energetic particles. Re can calculate an upper 
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lieit tor the total energy in relativistic electrons in the 
naclcus by assuming that the electron density throughout the 
nucleus is the saie as that calculated for the emitting 
region. Using a blackbody photon temperature of 10>K and 
the infrared nuclear dimension of 120 pc, and setting n=1» 
we obtain SxIO^i ergs as the maximum energy of relativistic 
electrons in the nucleus. For a 10*K blackbody photon 
temperature, the maximum energy is 5x10^' ergs. These 

energies are sufficient to form a pair of radio lobes 
similar to the two sets already present. 

7.1.2: k Detailed Model for the Temporal Variability 

of the Nucleus of Centaurns A 
7. 1.2.1: Introduction 

The actual physical environment of the nucleus of Cen A 
is undoubtedly quite complex. He wish to determine what 
ccnstraints can be placed on models of the radio and X-ray 
production mechanisms. The radio radiation is most likely 
to be produced by tb^ synchrotron mechanism. It is probable 
that the x-ray radiation is inverse Compton scattering of an 
ambient distribution of photons. 

The exact character of the Z-ray radiation, and the 
dpoinant source of the scattered photons depend on the 
nature of the power law distribution of relativistic 
electrons. In general, however, the the source of ambient 
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photons Hhich tost contributes tc the inverse Compton 
scattered X-ray flux will be that distribution with the 
greatest energy density. We aust, therefore, ccapare the 
energy densities of the various radiation fields in a 
galactic nucleus. 

Ihe radiation field in a galactic nucleus can come from 
a coabication of the following: 

(i) ; synchrotron radiation froa a non-theraal source, 

(ii) starlight, 

(iii) the 3K background radiation, 

(iv) theraal radiation from dust, and 

(V) theraal radiation iron an optically thick plasma. 

In order tc compare the energy densities of the radiation, 
we Bbst be able to calculate the energy density of starlight 
in a dense distribution of stars. This calculation (see 
appendix C) produces a dilution factor which "dilutes” the 
energy density of the starlight. Obviously, the 3K 
background radiation, being isotropic, does not require this 
treataent. He note, however, that the contribution of the 
3K blackbody radiation is not significant when compared to 
lO^K starlight radiation unless the dilution factor for the 
stellar distribution is Therefore, we do not 

consider the 3K background radiation further in calculating 
the energy density of electrcaagnetic radiation in this 
environment. 
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7*1.2.2: Detercination of the Dcainant Badiation Field 

Which Contributes to In?erse Compton Production 

of X-rajs 

Ifae rate at which energy is lost by a single 
relativistic particle moving in an ambient radiation field 
is (felten and Horrison 1S€3 and 1966) 

4 2 

7.6 P • 3 0^ Y u 


where P is the total radiated power, is the Thomson 
cross-section, y Is the ratio of the total electron energy 
to its rest mass (S/agC^) , and u is the energy density of 
ary ambient radiation field. 


The dominant energy loss will be through scattering by 
the radiation field whose energy density is greatest. If we 
are interested in comparing the relative contributions to 
the electron energy loss by inverse Compton scattering of 
synchrotron and thermal photons, we may construct the ratio 
B of the energy density of synchrotron photons (u„ ) and of 
the thermal photons (u^) as 


7.9 



We should note, however, that the relative contributions 
to the inverse Compton flux from synchrotron or thermal 
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scattecing at a pacticulai freguency are not unequivocally 
detecBiced by this ratio. It is possible that theraal 
photons (which often have higher frequencies on the average 
than the synchrotron radiation) will be the doiinant source 
of inverse Compton scattered X-ray and gaoma-ray photons. 
The actual contributions at a particular frequency of the 
inverse Coapton flux fioa theraal and synchrotron photons 
depends on the energy distribution of the relativistic 
electrons, when the energy density of the synchrotron 
radiaticn is greater than the energy density of the theraal 
radiation. If the energy density of the theraal photons is 
greater than that of the synchrotron photons, however, the 
theraal photons dciinate the inverse Coapton eaission for 
any distribution of relativistic electron energies. 


The energy density of synchrotron radiation can be 
deterained froa the aeasured flux. If we observe a spectrua 
of the fora 

7.10 F(v) • A v”** 


where F(v)»A# and q are empirically deterained froa the 
power law portion of the synchrotron spectrua, and the 
radiaticn coaes froa a source of radius B at a distance D, 
then the energy density Og is given by the equation 


7.11 


Jv 


F dv 

V 
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vbere c is the velocity of light. 


and the syncbcotron 


spectcoi eitends ftcs v>^ to 


for Cen A's nucleus, the leasured value of the radio 

2 f^2 

radiation yields Ug= 3.37 s lo"^^ j v”*^ dv • power 

lav portion of the radio epectrua extends f ron 22 to 90 GHz. 
then 


7.12 


R - 1.31 X 10“^^ ni^ 


If VC assuae that T=10*K, the ratio becoaes 1.3x10*0. 
IhnSf in order for the theraal photon energy density to 
dcainate over the synchrotron energy density by an order of 
aagnitude, we require o>10~*. For an expanding sphere of 
naterial of sufficient density, the dilution factor will be 
and the blackbody energy will dcainate over the 
synchrotron radiation. For greybody radiation from a 
distribntion of stars In a galactic nucleus, n>10~* will 
occur only for an extreaely dense distribution of stars. 


7.1.2.3: Possible Hodels for Source variability 


It is interesting to note that the ainiaua values of the 
l^ray spectral index shown in figure 3.4 occur in late 1972 
and early 1973. This tiae Interval shows an increasing flux 
at 2<-6 and 100 keV (see figures 3.2 and 3.3). If the X<>ray 
radiaticn is the result of inverse Coapton scattering of an 
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aibient source of photons, then the X«ray pbuer-law spectral 
indei is directly related to the nunber spectrue cf the 
telatiaistic electrons. It follows that the wariability of 
the spectral index (if real) between 1S72 and 1973 indicates 
a change in the slope of the nuaber spectrua cf the 
relativistic electrons, and that the increase in X-ray flnx 
suggests a corresponding increase in the nuabei of 
relativistic electrcns radiating at a given energy. This is 
usually evidence for either particle acceleration or the 
injecticn of new high-energy particles into the source 
region. 

facholczyk and Scott (1977) have suggested that the 
variability associated with the ccapact radio sources in 
active galactic nuclei can be explained by turbulent 
acceleration and adiabatic expansion of a plasaa containing 
relativistic electrons. The acceleration is caused in this 
view by turbulence associated with the eovenent of the 
plasaa through an aabient aediun. 

If the apparent variation of the l-ray power-law 
spectral index is real, then it is likely that the initial 
brightecing of Cen k which occurred froa 1S72 through 1973 
was the result of some undetermined mechanism which 
accelerated particles to relativistic energies. The 
evidence for continued particle acceleration after early 
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1S74 is l€ss convincing. This suggests the possibility that 
the relativistic particles are acceleratel within a plasma 
sufficiently dense in its interior to supress synchrotron 
radiation either by the Eazin-Tsyto vich effect (Sazin 'i960) 
or by free^free absorption. The long-term variability at 
radio frequencies would then be the result of expansion of 
the plasaa and consequent decrease in the suppression or 
absorption of the radiation produced in the plasaa *s 
interior. In this situation, flares in the radio are 

possible even though the inverse Coapton X-ray flux 
' decreases. Eventually, the voluae in which the suppression 
or absorption occurs will go to sero. Thereafter, the 
source is sodelled by van der Laan (1966) expansion. 

He assuae, as before, that the aajor source of theraal 
radiation in Cen A's nucleus is either blackbody radiation 
froa an optically thick plasaa, or starlight radiation from 
a centrally condensed distribution of stars. Theraal 
radiation froa a plasaa and froa a distribution of stars 
suggest rather different physical environments for the 
source. ie will discuss each of these possibilities in 
turn. 
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7*1.2.<t: Badio and X*ray Radiation ftoa a Dense 
Rot flasna 

A sufficiently dense, hot plasaa radiates as a blackbody. 
these blackbody photons can be inverse coapton scattered by 
relativistic electrons tc produce X-rays, the so-called 
blackbody-Coapton aodel (Beall et al. 1976) . In the 
discussion that fellows, we assuae for coaputational 
siaplicity that the relativistic electrons which scatter the 
theraal photons are thoroughly aired with an optically thick 
plasaa, ot photosphere, at a teaperature of lO^K. 

the assuaption of thorough airing of the photosphere and 
the relativistic electrons is not a critical one. Falk and 
Arnett (1977) suggest that the erpanding photosphere nay 
fragnent into optically thick "blobs" due to Rayleigh-lay lor 
instabilities. If a sinilar situation occurs in a dense, 
expanding plasaa, the energy density of the theraal photons 
within the interstices aay be roughly that of the energy 
density of the unfragaented photosphere. The Pazin effect 
will suppress synchrotron radiation within the interstices, 
since frequencies are suppressed which are less than 
V s20(N^/B) Hz (Razin 1960). This can be in the gigahertz 
range for typical values of aagnetic field, B, and electron 
nnaber density, Hg. Free-free absorption requires higher 
densities, and is aore likely to occur as the radio flux 
passes through the dense photosphere. For simplicity, we 
will assuae a spherically syaaetric, optically thick plasma 
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with a uDifora aagnetic field# thoroughly nixed with a 
distribution of relatiwistic electrons having a power-law 
spectrua. The noaber density of the relativistic electrons 
is assuaed to be a function of the radius# r# of the plasaa. 


Is the plasaa expands# the rapid decrease in the optical 
depth allows recoabination of the photosphere# reducing the 
free-free opacity at radio frequencies. Following Falk and 
Irnett (1S77) , we note that the luainosity# 1, of an 
expanding photosphere decreases exponentially with a 
characteristic tine# t^# such that 1=L exp(-t/t^). Here# t^ 
is the diffusion tiaescale based on a randon walk 
approxiaation for a photon inside the plasaa. As the plasma 
expands# its density will decrease. Thus# the opacity# k# 
of the aaterial will decrease with tine. This will allow 
the photosphere to begin to reconbine# which reduces the 
aaount of aaterial subsequent photons aust aove through in 
order to escape the plasaa. We nay estiaate the average 
diffusion tine <t^> between tines tj^ and t^ as 


7.13 


<t ,> » T-IT" 
d t2 


( ^Mt)M(t) 


4ircR(t ) 


'dt 


Where K(t) is the nean opacity# H (t) is the aass interior 
to the photospheric radios B^# B(t) is the radius of the 
spherical plasaa# and c is the velocity of light. If t^ is 
assuaed to decrease linearly as the photosphere expands from 
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H (tj) tc then the average aass K is roughly half the 

original value, He assune that the opacity within 

the photosphere has soae average value, k , and that its 
dependence on tiee can be neglected. He nay now integrate 
eguatioc 7.13 to find 


7.U 


<tj> ■ -5 

d Sire 


X , ^ R , 

RvR > 

o o 


(Falk and Arnett 1977). 

FroB the diffusion tiaescale, «e aay define a diffusion 
radios, £^, such that 


7.15 


o o 


She luainosity of the expanding, spherically syaaetric 
plasaa as a function of the plasaa radius B then becoaes 

“R/Rj 2 4 "”^oot 

7.16 L - e where » 4 voR T ( 1 -e ^ ) 


In eguation 7.16, a is the Stefan«Boltzaann constant, T 
is the aean teaperature, and t =T.(Bn/P)2 is the optical 

opt ” 

depth resulting froa electron scattering. He aay define an 
effective photosphezic radios, Bph # by coabining eguation 
7.16 and 


7.17 


T / »2 ..4 

L * 4v R . oT 
ph 
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tc yield 


7.ie 



-T 1/2 
R(l-e ®P*^) 



i€ say estiaate the value of the ratio* R/2F^* in 
equation 7.16 by expanding the expression the expression for 
(equation 7.15) as a series. After sone eanipulaticn* ve 
find that 


7.19 


Ph 




e 


/T 


opt 


It can be seen that after soae initial linear expansion* 
vill rapidly approach zero. As the photospheric radius 
decreases* a **reconbination vave” will nove inward* reducing 
the election nunber density* Ne# and consequently the 
free-free absorption and Bazin-Tsytovich suppression. Be 
assuae that the optical depths in the source is on the order 
of 10* so that for reasonable photospheric densities* the 
recoabination tiaescale (t=10^2/Ne seconds) is very such 
shorter than the expansion tiaescale of the source. It is 
likely* therefore* that the decrease in the election nunber 
density Be beyond Rp^ is due priaarily to recoabination* and 
net to expansion. Thus* in the presence of a aagoetic 
field* relativistic particles found beyond Bph vill onit 
synchrotron radiation that does not undergo significant 
free-free absorption or Bazin-Tsytovich suppression. 
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lo detenine the synchcotcon radiation frcoi such an 
envircr. Beet, we note that in the plane-parallel 
approxiaation, the intensity of synchrotron radiation as a 
fanctioD of r, the position vector inside the plasna, is 

7.20 I^(r) ■ ^ tl-e J, where xjr) « 

here, is the synchrotron intensity at frequency v, 

j^-j^(r) is the synchrotron eaissivity per unit voluae, and 
a ^ is the absorption coefficient per unit length for 
free-free absorption. Re have not explicitly considered 
synchrotron self-absorpticn in equation 7.20. Since the 
radio observations of Cen A defined both a pover-lav and a 
self-absorbed portion of the radio spectrusi, ve can aodel 
the teaporal variability of the (unabsorbed) power-lav 
portion of the spectrun. The Bazin-Tsytovich effect is 
included in the calculations iaplicitly, since the 
integration is always taken froa R to R. The synchrotron 

ph 

radiaticn at r<Rp^is thus assuned to be suppressed. 

He Bake the plausible assuaption that the relativistic 

i 

electrons are not distributed uniforaly throughout the 
photosphere, but are concentrated in a shell at a certain 
radius, such an scenario is the likely consequence of shock 
acceleration of the relativistic particles or of injection 
of relativistic particles over sone finite interval of time 


81 


iinto th€ plasBsa. He aay Bodel this shell- like structure 

with a density distribution of the forn 

N(Y)=hc(^) <V1*((r-a)/^B)*)=N (Y)f (r), where N (y) is the 

o c 

relativistic electron number density at r=a, and ^ is a 
parameter which allows us to vary the relative concentration 
cf the radiating electrons about r=a. The synchrotron 
eiiseivity per unit volume then becomes 

7.21 ‘ 


and the synchrotron luminosity is 

R 3. 


7.22 




Ph 


-t.(r) 


f * [i"® ^ 1 • r • dr 

itt “\> 


If we assume is roughly constant for R^^<r<R, equation 
7.22 becomes 


7.23 


8w" 


^ r - 

V ■'R , 
ph 


f(r)[l-e 




1/2 


] • r • dr 


Because of the dependence of the electron number 
density upon the photospheric radius R^, the "radio 
depth" will always be approximately equal to a^(R-I^^. That 
is, the effective radio depth can never be greater than the 
optical depth. With these cautions in mind, equation 7.23 
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can fce integrated by computer. The results of these 
integrations are plotted in figure 7.1 fc^r farying values 
of Tp and 5 as E/Rc increases. 


To Bcdel the teaporal variability of the X-ray flux 
P(Vq)# ve Bust deterBine the behavior of F( as a function 

of E. He first note that A « R-"**, and that =1-exp , 

where t (fio/^) ParaBaterizing eguation 7.7 in terns 

Opt o 

of ti, we than have 


7.24 F(v^) - U“£ 


(^) (T/T^)^-^ 


for 9=0.5 (n=2.0). For an adiabatically expanding 
source « £->) . The X-ray flux as a Bonotonically 
decreasing function of plasaa radius B is then given as 


7.25 


F(v^) 

c 


-T (R /R)‘ 
Fo(Vc) ll-e ° ° 


R 

] • (^) 


It is possible, however, that the flaring observed in 
Cen A is representative of an explosive release of energy. 
Such an event could cause shock beating of the photosphere 
in a Banner siailar to that predicted by Falk and Arnett 
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(197?) for 6uperQo?4 eiplosicns, After the increase from an 
initial quiescent taiperature and corresponding rise in the 
I-rajf flux, the shock heating is overcoBe by adiabatic 
expansion, and the X-ray flux decreases. The initial 
explosive energy release seeas likely to be associated with 
the production of relativistic particles. The X-ray flux 
froB an adiabatically expanding plasaa is plottei in figure 
7.2 as a solid line, along with the 2-6 ke7 X-ray data. in 
the plots, ve have allowed the tiae of the expansion to 
start early in 1974. farying the paraaeters in the theory 
changes the tiaes of the radio peaks. In general, however, 
the single or aultiple radio flares are produced for a wide 
range of the paraaeters. Thus, the flaring seeas to be a 
obiguitcus occurrence for an expanding, optically thick 
plasaa which contains relativistic electrons. 

7.1. 2.5: Badio and X-ray Badiation iron an Optically 

Thin Plasaa within a Dense Association of Stars. 

It is possible that the principal contribution to the 
energy density in theraal photons cones froa stars in the 
galactic nucleus. For starlight to have an energy density 
greater than that of the plasaa containing the relativistic 
particles, the plasaa aust be transparent to optical 
photons. For this optically thin case, the plasaa will have 
a nuaber density (particles ca-s) considerably less than 
that previously assuaed. In such an environaent, the 


pr€fiou£ assuBption o£ an optically thiclc photosphere tilth a 
uniiorit: nuaber density of elections certainly does not 
apply. He assuae that the nuaber density cf the plasma 
decreases cadially. In this case, free-free absorption or 
sbppression by the Bazin-IsytoTich effect will limit the 
emission of synchrotron tadiatlon to the wolume beyond a 
certain radius, which we call r . 

R 


Ibe Bazin-Tsy totrich effect suppresses synchrotron 
radiation below a frequency v =20 (N^/B) , where is the 
electron number density of the plasma, and B is the value of 

the magnetic field in gauss. To calculate the radius c^, we 

■ay assume a density distribution for the plasma and invert 

tbe function to obtain the value of r^ as a function of 

and E« Ibus, for 


N^(t) - (t) [ 

'o 




7.26 


20N (t) 


where v. is the observing frequency, 

008 

(t)=Hg (t=0 ) (Rq/R) 3 is the density at r=0 as a function of 
the radius B of the spherical plasma, is the initial 

radius of the plasma, B is the magnetic field in gauss 
(B=B^ (£^/B) 2) , and x, is the parameter which represents the 
degree of central concentration of the optically thin 
plasma. Parameterizing equation 7.26 in terns of B, we find 
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7.27 


!r - . R_ f!!L!2L_ 

R- R- B. 


obs 


R , /o 
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fcr any physical situation^ is initially positive, 

and is set to zero if the value in the brackets becoaes 
negative. 


Iguation 7.23 thus becoaes 


1.2t 1 . 8,2 . 

V a . 


• r » dr 


ubere It 0 because of the saaller electron density. The 
rather weak dependence of r^ on B does not "uncover" the 
plasaa's relativistic electron distribution with sufficient 
alacrity to overcoae the adiabatic expansion. Therefore, 
expansions of an optically thin plasaa aust be characterized 
by a Bonotonic decrease. There is also no expected 
correlation between the radio and X-ray data in this case, 
since the expansion of the plasaa does not affect the energy 
density of the therial phetons. 


7.1.3: Discussion 

The lack of evidence for significant hardening in the 
X-ray power-law spectral index from aid 1974 through 1976 
suggests that particle acceleration did not take place 
during that period. If this is the case, the double radio 
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flat€ can only be explained by the conpact (optically thick) 
klackbcdy-CoBpton acdel. Additionally, the conpact aodel 
piovides an explanation for the Banner in vhich the radio 
and x~ray fluxes track cne another until the relative 
ainiBQB in July 1975, and then separate. 

The Bost ccDBon astrophysical environaent that radiates 
as a hot (10*K) blackbody is the photosphere of a star. The 
explosive nature of the recent flares in Cen A is, indeed, 
suggestive of supernova explosions. For the supernova 
hypothesis to be correct, however, young supernova Bust 
contain significant nunbers of relativistic particles. The 
evidence is to the contrary. 

fiecent work by Harseber and Brown (1978) and Beall 
(1979) strongly suggests that relativistic particles are not 
contained in significant nuabers in supernovae until a tine 
as least 70 years after the initial explosion. It seeas 
unlikely, therefore, that the direct source of the radio and 
1-ray variability we observe in Cen A (and other active 
galactic nuclei) is caused by supernova explosions. The 
Bultiple supernova Bodel of Colgate (1967) se-jas unlikely, 
because it also suggests an optically thin case. 

Two other possibilities have been proposed. 


Fabian et al. (1976) have suggested that guasi-spherical 
ccretioi: onto a lassive blac)c fade would produce a 

photosphere with a radius r=10** cb and a vininuii 
tcaperature T=10*K, Alternatively, Ozernoy (1972) has 
suggested that a "supernassive body" night be responsible 
for the energy output of active galactic nuclei. It is also 
possible that a coabination of these two physical 
environsents exists. 

He wish to aahe a final coaaent about the possibility 
of neutrino production in an envirccaent such as we have 
described. The coabination of relativistic particles and a 
dense photosphere suggests the possibility that a 
significant flux of neutrinos aay be produced by the decay 
of pions which are created froa proton- proton interactions 
of the relativistic particles with the aabient aaterial. 
Though we leave a detailed calculation of this flux to the 
future, it is possible that the neutrinos could be produced 
by active galactic nuclei in sufficient nuabers to be 
detectable by currently available technigues of neutrino 
astronoay. 


7*1.4: Conclusions 


Ihe radio and X-ray variability froa the nucleus of Cen 
A is suggestive of a dense (»-1 D » ®particles cm-*), hot plasma 
which initially radiates as a 10*K blackbody. The radio 
variability is consistent with a partially opaque, expanding 
plasna. Of the three lost thoroughly investigated aodels, 
fultiple supernovae, a aassive black hole, or a 
"superaassive body," only the latter two seen plausible. It 
is noted that the two are not autually exclusive objects. 

Upper liaits on the energy in the recent outbursts are 
of the saae order of aagnitude as the energy release in 
supernovae explosions. Finally, upper liaits for the energy 
in relativistic particles in the entire nucleus indicate 
that there aay be sufficient energy to fora another pair of 
radio lobes siailar to the two already present. 


7.2; 3C273 

7.2.1: General Discussion 

Qualitatively, the spectra of 3C273 and N6C 5128 are 
siailar (see figures 3.7 and 4.3). The notable difference 
is the peak at 100 aicrons for Cen A, which is presuaably 
due to theraal emission froa dust. Because of the high 
luainosity of the non-theraal coaponent in 3C273, such a 
feature, if present, aay not be visible. It seeas unlikely 


that dust eaission is the cause of the variable^ power^lav 
infrared source. At radio and far-infrared frequencies, the 
data available suggest that the spectrum of 3C273 from 1 to 
100,000 GHz can be modelled as a single synchrotron source. 
A possible spectrum (dashed line) has been drawn through the 
data in figure 4.3. The turnover in the spectrum at 
approxiaately 2X10*> Hz is suggestive of synchrotron or 
inverse Compton losses for the power-lav distribution of 
relativistic particles. This cutoff frequency gives the 
relationship between the magnetic field and the time in 
seconds since the injection of the particles into the source 
region, facbolczyk (1970, equation 7.55) notes that 
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Vj, - 9.97 


X 10 
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where t is the tine in seconds since injection, B is 
the magnetic field in gauss, and v is the cutoff frequency 
in Hz. For 3C273, is approzimatelj 1.8x10 **Hz, giving 


7.30 


tV - 5.6 X 10^^ 


Ihe radio flax decrease below 1 GHz with a 


power-law index approximately equal to 0.3. This is 
suggestive of a low energy cutoff in the distribution of 
relativistic particles. If this is the case, the 
relationship between the low frequency cutoff, v , the 

X/ 

Magnetic field B, and the electron energy, 'Y,(the ratio of 
the total electron energy over the rest sass-E/Bc^) is given 
by fachclczyk |1970) as 


7.31 


% 4.11 X 10 


B Y 


For a distribution of electrons stationary in tine, a 
sisilat equation holds for the upper linit of a synchrotron 
spectruB. 

The conposite spectrua of 3C273, as well as recent 
observations by the lUE spacecraft (Boksenburq et al. 1978) 
suggest that a power-law continuun underlies the observed 
optical and ultraviolet flux. One possible spectrum has 
been drawn as a dashed line in figure 4.3. Though the data 
do not unequivocally yield the relative contr ibuticns of 
thermal, line, and continuum emissions, the general 
agreement between the values of the power-law spectral index 
in the far infrared, the ultraviolet, and at X-ray energies 
suggests that there may be some phenomenological connection 
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between the production aechanisas in these separate parts of 
the electroaagnetic spectruai. This interpretation is also 
censistent with the interpretation ty Pounds (1978) that the 
radio and X-ray fluies tracked one another during the Ariel 
V observations. Assuaing that the X-rays are produced by 
Inverse Coapton scattering of an aabient distribution of 
photons, ve can aodel the radio and X-ray flux as ve did for 
Centaurus A (see section 7.1). He reserve the discussion of 
the possible origin of the optical and ultraviolet continuua 
for later in this chapter. 

7.2.2: A Model for the Badic and X-ray Flux froa 3C27 3 

He suggest a aodel for the radio and X-ray flux for 3C273 
vhere relativistic electrons produce the synchrotron 
epectruB vhich extended froa radio wavelengths into the far 
infrared (see figure 4.3). The sane relativistic electrons 
inverse Coapton scatter aabient photons to produce the X-ray 
flux. In this aodel we assuae that the electrons which 
radiate by synchrotron eaission in the far infrared are 
Bostly responsible for the inverse Coapton scattering of 
aabient photons vhich produce the X-ray radiation. He can 
thus aodel the far infrared and X-ray data in a wanner 
siailar to that used for Cen A. Fclloving that discussion, 
we find that F ( v )/^<v 9-1# and (froa equation 7.1) 

.C 8 

7-32 4.96 X 10^^ = 
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From equation 


For fi=l, and T=10*K, B=1U.2 gauss. 

7.2S, the cutoff in the synchrctrcn spectrum of 2X10 Hz 
yields a lifetiae for the synchrotron of 1.4X10* seconds. 
Associng a tenperature of T=10*F iaplies B=1.4X10~* gauss. 
The tile since injection of a pouer-lau distribution of 
relativistic particles then becoaes t=1.4XlO^ seconds. For 
the source to exhibit significant variability at frequencies 
greater than v. , the tiaescale for synchrotron losses aust 
be short coapared tc the frequency uitb which new particles 
are injected (or exposed) in the source region. Also, 
adiabatic expansion of the source and turbulent 
accelerations of relativistic particles on tiaescales short 
coapared to the synchrotron (or inverse Coapton) loss tines 
can cause changes in the Intensity of the synchrotron 
spectrua. 

A lower bound to the range of Y *s in the source can be 
established by assuaing the low-frequency radio cutoff 
represents a lower liait to the energy of the radiating 
particles. Equation 7.31 with T=10*R and B=14.2 gauss, 
gives a lower liait for the electLon energy of v=10* The 
cocrespcnding upper liait obtained by letting in 

equation 7.31 has a value of Y=10>. The break in the 
inverse Coapton spectrua would be expected to occur at 
appcoxiaately lO^^Hz. Assuaing a teaperatare of 10>K, the 
range of electron energies fcoa y» 10> to Y=10*. 
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7«2.3: Ihe Energy Containea in Felativistic Particles 

it 3C273 

Given the range in the values of y» ee nay estinate the 
tctal energy in relativistic particles in the source region, 

Prcn figure <*«3, ve find that P(v ) = 10~>®erqs ci-*s-»Hz“» at 

e 

v«10teh2. Conbining this with equation 7.7, ve find that 


2.0^ X 10^^ » A T ^ 

for and D=2. 63X10*^ cn (876 Hpc) • If ve assuae 
7*10^K and a range of Y »s fron 10* to 10*, the total energy 
in relativistic particles is 10*» ergs, and the number 
density of the radiating particles is 10* (assuming a source 
radius of 30 It- days). For I=10*K and y's ranging 10* to 
10*, the total energy is 10** ergs, and the number density 
of radiating particles is 10*. The total energies are a 
factor cf 1000 greater than the values calculated for Cen A 
using siailar paraaeters. 

7.2.h: A liscussion of the Optical and ultraviolet 
Continuum- 

Ihe models of Cclgate, Colvin, and Petscbek (1975) and 
Katz (1S76) can adequately account for the optical and 
ultraviclet continuum in 3C273. It is interesting to 
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cocsideif howaver, the possibility that a significant 
syr.chrotccD-Conpton flus can arise fccn a source such as 
3C273. Assufting that the ther aa l*CoaptoD aodel discussed in 
the previous section is responsible for the X*ray radiation, 
it seeas reasonable to ask nhat fora the synchrotrcn~Coapton 
flux would take* Following lucker (1976) we Bay construct 
the ratio of synchxctr on-Ccipton flux to synchrotron flux 


as 


!lvl 

F(v^) 


ri. _ + _J:_ 

p+2 P+1 


2 , . 2.49 X ^ -q 

0 ^ ' -21' '*sc 

(p+1)^ 1.67 X 10 


7.34 


,n+2 i,D. 


2 ■ 


n-1 


2“’" A(^) J N(y) y " dY 

. _ __ 10 ^ 

, . s .,q+l .6.27 X 10 ^ 

A a(n) ) 

s 

where p=q^1, n=2g+1 ,a (n) is derived fron the 
synchrotron spectrua and is a function of the electron 
nuBber epectrun's slope, E is the Magnetic field, D is the 
distance to the source, B is the source radios, and q is the 
power^law spectral index of the synchrotron flux. In 
equation 7.34, is deterained from observations of the 

synchrotron flux and is obtained froB the equation 
F (Va)*/kv“‘l. For 3C273, /^=1XlO-»«, P(v )/P(v )=3X10“5, and 
(v.„/v.)-«s=3.75x10-3. Per n=2 (g=0.5), a(2)»0.103, and 

equation 7.34 beeoaes 


7.35 


8.88 X 10 ^^ = 
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Ihe black bed y Co ipt on aodel previously discussed as 
a source of X-ray photons provides a second eguaticn for the 
source* assusing that the radiations we see originate within 
the sane voluse. k further constraint can be placed on such 
a Bodel by noting that the radio observations reguire that 
the synchrotron self-absorption turn-over freguency be less 
than10*<>hz. For 3C273* eguation 7.4 yields the constraint 
that 


7.36 


V ^ < 7.51 X 10®^ BR~^ 
m ~ 


If we assuse eguation 7.36 is an eguality* the three 
equations cospletely detersine the value of to be 

1.62X10 If the dilution factor n=1* T=6.53R* which is 

rather close to the 3<>K fcackgronnd radiation. If T=10*K* 
Qsio-is* which is a dilution factor suggestive of starlight 
radiation in a qalaiy. If the radio* optical, ultraviclet* 
and X-ray radiation all originate fros a coanon source 
region* the preceding calculations suggest that the source 
ervironsent is optically thin. This would seen plausible if 
the bulk sotion of the radiating plasoa were relativistic. 
In such a circumstance* the radiating particles could 
quickly leave the region in which they were accelerated. 
Seme evidence for bulk relativistic notion of the radiating 
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particles is present in the optical jet associated with 
3C273. The presence of cbserfational evidence for only one 
jet lay be due to the fact that another jet radiating 
preferentially in a different direction will not be seen. 
The actual physical envirennent in 3C273 say not be 
deterained until ^:cnr;urrent radio, infrared, optical, 
ultraficlet, and X^^ray eeasurenents are perforaed vhich can 
set liaits on the relative variability of the various 
portions of the electroaagnetic spectrua. He have not 
atteapted to aodel the gaaBa-ray eaission of 3C273 as 2nd 
order Ccapton scattering. 
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7.3; KGC Hlbl 

7.3.1: General Discaesion 

Id ccDion with aost Seyfert galaxies, the coaposite 
spectroB of NGC 41S1 (see figure 5.5) shows a relatively 
weak, constant radio source associated with the nuclear 
region. The radio flux is likely to be synchrotron 
radiation froa an extended source. In view of the apparent 
lack of concurrent variability between the radio and X-ray 
radiation as discussed in chapter 5, it is likely that the 
relativistic electrons producing the observed radio flux are 
not directly associated with the X-ray producing region. 

Oke and Sargent (1968) have suggested on the basis of 
optical and infrared oeasureaents of NGC 4151 that the 
nucleus consists of two physically distinct regions: the 

first region has a nuaber density of N=5X10> particles ca~^> 
and a teaperature of 2X10*K. The aass of this region was 
estiaated to be 2X10* He on the basis of eaissicn line 
luainosities. According to oke and Sargent, the first 
region fills approxiaately 2.5 percent of the? total source 
VQluae, and is in the fora of filaaents in relative notion 
with respect to one another. The second region has an 
effective teaperature T=10^K. The assuaed density of 100 
particles ca~* would allow the hotter gas to be in pressure 
equilibriua with the 2X10* gas. In the sane paper, Oke and 
Sargent propose that the infrared spectrua (see figure 5.5) 
is due to synchrotron radiation, and that the turnover in 
the far-infrared is due to Razin-Tsytovich suppression. 
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Id view of the flattening of the spectruB of NGC <1151 
frcB the infrared into the optical region, it is possible 
that the optical and ultraviolet portion of the spectrum 
represent the contribution of an underlying power- lav 
spectruB to the observed radiation. This conclusion is 
supported by recent observations of the IDE spacecraft 
(Boksenburg et al. 1976), which show a power-law spectrum. 

There is soie controversy over whether a power- lav 
synchrotron spectrus can radiate at optical and ultraviolet 
frequencies. According to Boyle, Burbridge, and Sargent 
(1966), a bright, compact synchrotron source which could 
radiate an optical and ultraviolet spectrum would suffer 
inverse^CcmptoD losses that would limit the source lifetime 
to less than a second. They further note that such a source 
would show inverse-Ccmpton emission at a much greater level 
than the synchrotron emission. fioltjer (1966) notes that 
the "inverse-Compton catastrophe" just mentioned can be 
overcome if the electron motion is anisotropic and does not 
malce an angle with the magnetic field of greater than 10<>. 
Katz (1975) suggests that it is possible to produce a 
power*law spectrum in the optical and ultraviolet region by 
upscattering of low energy photons by non- relativistic 
electrons. Colgate, Colven, and Petschek (1975) propose 
that the optical flux from quasars can be produced by 
upscattering of photons by oscillations of a turbulent 
plasma. They associate the turbulent pla:sBa with colliding 


SQpernova shock fconts. Dnfortonatcly, the data do not 
place significant constraints on any of these aodels. 

In a recent paper, Pricbet (1S77) notes that the physical 
cnvifonsents In the nuclear bulges of eorphclogica lly 
distinct galaxies posess "quite sisilar" populations of 
stars. It s' ass plausible that the stellar distribution in 
a galactic nucleus contributes significantly to whatexer 
non-thersal source nay exist there. The contribution nay 
take the fora of supernovae, accretion saterial, foraation 
of coalescing black holes, stellar winds, foraation of 
superaassive stars, etc. This suggests that we look for 
acdels for the nuclear regions of the galaxies which 
incorporate siailar features. 

Ihe line eaission in the optical and ultraviolet , and 
the power*law continuua seen to be frequently observed in 
extragalactic sources (Boksenburg et al. 1978). This 
iaplies that the line eaission and the continuua are 
produced by sone associated aechanisa. otherwise, lie would 
expect to see fron source to source only a continuuR or only 
line eaission. If the region in which the line eaission 
occurs surrounds the region in which the relativistic 
particles are accelerated, this condition is fulfilled. 
Optical synchrotron radiation nay be produced in the line 
eaitting region or in the accelerating region, assuning that 
the bulk notion of the relativistic electrons is anisotropic 
(Boltjer 1966) . In this view, inverse-Compton scattering of 
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the optical, synchtotron photons or aibient, thernal photons 
■ay produce the X-ray flui. It is also possible that the 
optical and ultraviolet continual is produced by 
Inverse-Ccapton scattering of synchrotron radiation which 
eiitends into the far infrared data. Of course, this spectrum 
is unobservable to us. The observations which lay 
uneguivocally lieit the possible aodels have not yet been 
■ade. 


7.3.2: A Model for the X-ray Flux froa RGC 4151 

He aodel the X-ray radiation as inverse-Coapton 
scattering of an aabient distribution of theraal photons by 
relativistic electrons in the source region. Assuming that 
the source has the same approxiaate distributicn of 
relativistic electrons as that calculated for the other 
galactic nuclei, equation 7.7 beccaes 

7.37 F(Ve) = (5.28 X 10-86)0 a rV*^ 


In equation 7.37, we have taken D=S. 7 X 102 V ca (19Hpc). 
The X-ray data at 10**Hx yield a value of Fpv )=3X10~*« ergs 

C 

ca-e£-afiz->. Therefore, equation 7.37 becoaes 


7.38 9.15 X 1q66o q ^ 
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If ne assume n=1» I=10*K, and F=1 It. day, then 

F=5-27X1C»®, where A is the nornalization constant for the 
naaber spectrum of the pover-lav distribution of 
relativistic elections. For T=10*K, and P=1 It. day, 

I“5. 27X10*. The value of A is proportional to the number 
density of relativistic electrons, and can thus be compared 
to the values obtained when using the model on other 
sources. In Cen A, for example, AR*T«=6. 34X10** . Thus, 
the energy in relativistic particles in the nucleus of NGC 
4151 is approximately 15 times greater than that for 
Centaurus A, assuming siiilar models for the source. 

7.4:Ihe Galactic Center 
7.4.1: General discussion 

The general character of the radiation from the nucleus 
of the Hilky Hay Galaxy is remarkably similar to that 
observed in M6C 4151. The principal difference is the 
absolute intensity of the radiation. This can be seen by 
cenparing figures 5.5 and 6.5. There is a relatively sharp 
peak in the infrared emission at 10** GHz in the Galactic 
Center. The relatively broadened feature in NGC 4151 nay 
possibly be due to the greater heating of gas and dust in 
NGC 4151 by the non-thermal source. 


7«4«2: A nodel for the X-ray Saission from GCX 

Ihe qualitative siiilarity between the spectra for GCX 
and V6C 4151 aay iaply soae aorphological siailarity. This 
will be discussed in wore detail in Chapter 6. We way wodel 
the I- ray emission from the Galactic Nucleus as a 
theraal-Ccmpton process in a aaniier akin to that previously 
discussed for NGC 4151. Assuaing g=0.5, we find that 
eguation 7.24 becoaes 


7.39 F(v ) = (1.13 X 10“^®) n A v“*^ 

c 


Using the observed value cf the X-ray flux for the 
1976 observatioor equation 7.39 becomes 


7.40 nA « 8.45 X 10^^ 


For I=103K, and R=1 It. day, A=1.54X10^. Assuaing 
that T=10*K, A=4. 86X10*. These values represent a decrease 
fxoB these obtained for MGC 4151 by a factor of 103. 
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CHAPZSP 8; DISCUSSION 


8*T: tb€ Iberaal Source in a Galactic Nucleus 

A source with a radius of 10*^ to 10^^ ca which emits 
l^lackhody radiation with an effective tenperature of 10> to 
io^K will have an ertreaely high luainosity. The 
luainosity, L, in ergs of such an object is given as 

(eguaticn 7.17) 

L ■ 4v fi oT^ 


where a is the Stefan-Boltznann constant, B is 
the source radius, T is the effective temperature, and {2 is 
the dilution factor to account for a greybody approximation. 
Using figures 3*7, 4.3, 5.5, and 6.5 for Cen A, 3C273, N6C 
4151, and 6CX, respectively, we have estimated the optical 
and infrared luminosities of the sources. Felten and Gould 
(1977) and Felten (1978) have suggested that we may use 
these luminosities along with eguation 7. 17 to place 
constraints on the physical size and temper ature of plasma, 
assuming •^2-1• 

The infrared and optical luminosities for those sources 
not obscured by dust are approximately equal. 


fbe infrared or optical luninosities in units of ergs s'** 
are as follows: 

Cen I——— 10** 

3C273 10^« 

HGC 4151-- 10** 

6CX— — — 10*o 

In these estiaates, ve note that for soae of the sources 
(Cen A, GCX, and possibly hGC 4151) the radiation from the 
assused blackbody source in the center of the eaitting 
region aay be re-radiated by dust surrounding the primary 
scarce. 

bguation 7.17 can now be used to place limits on the 
blackbody radiators used previously as sources of ambient 
photons inverse Compton scattered to produce X-ray 
radiation* Thus, for Cen K, Ka^T*<2. 81X10^3* The 
assumption that T-10*K implies a scarce radius B<5.3X10*«cm. 
For KIO’K, B<5.3X 10*^cm. He aay determine another 
relationship between the source radius and the temperature 
using eguations 7*3 and 7*4. Combining this result with 
eguation 7.17* and with the infrared flux measured by Harper 
(1977) we derive an upper limit on the temperature of the 
blackbody radiator of IxIO^K. The infrared and optical 
luminosities for other sources do not significantly 
constrain the paramaters £oi models of the eaitting regions. 

Iven for Cen A, we note that the constraint is 
significant only if the luminosity of the spherical plasma 
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ia constant, over tiae. For an eipanding plasma vbich we 
consider here, the time^aweraged luminosity is the important 
parameter, since re**radiation of the optical photons by the 
intervening dust will smooth any fluctuations that are 
present. Thus, for the nucleus of Cen A, recurrent 
injection of dynamically expanding plasmons is not 
constrained by the limits derived for the source by the 
infrared observations. 


8.2: The Composite Spectra of the Sources observed 

He now compare the crder'-of-magnitude luminosities (in 
ergs s-») of the radio, infrared, optical, and X-ray data 
for the four sources. Using figures 3.7, 4.3, 5*5, and 6.5, 
VC note that: 


Luminosity 

Source Radio Infrared 
Cen A 10»» 10*2 
3C273 10*8 
HGC 4151 10»» 10^» 
GCX 10>^ 10*« 


Optical 

10»* 

lOv* 

10 * 3 - 10 «* 
10 vv 


X-ray 

10 «» 

10*s 

10*3 
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■e ncte that the composite spectrum of Cen A and of 3C273 
have roughly uniform luminosities over the entire 
electromagnetic spectrum. This is not the case for NGC 4151 
and GCX which have radio luminosities significantly weaker 
than the flux at other wavelengths. Additionally, the radio 
sources in the nucleus of Cen A and in 3C273 are markedly 
variable. 
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we suggest that the 


Based on these considerations, 
eliliFtical galaxy, NGC 5128 (Cen A), and the quasar, 3C273, 
paired as hawing siailar source aorphologies. This is 
contrary to the ccnaonly assuned association between seyfert 
galaxies and quasars. The data also show similarities 
between the conposite spectra of the Seyfert galaxy, HGC 
H151, atd the Galactic Center (OCX). 

As previously nentioned, Prichett (1977) has repotted 
that the nuclear bulges of norphologically distinct galaxies 
possess sinilar distributions of stars. If the general 
character of the nuclear environaent is deterained by the 
bulk properties of the nuclear region, the siailarities 
which we note between the coaposite spectra presented here 
axe not surprising. 

8.3:Geseral Beaarks 

Fxoa the data available, it is not possible to deteraine, 
nneguivocally, a aodel for the production of electroaagnetic 
radiation in galactic nuclei. It is possible, however, to 
develop a consistent aodel for the nuclear regions of the 
four sources which have been observed. In the aodel 
discussed in Chapter 7, relativistic particles inverse 
Ccapton scatter photons to produce the x-ray radiation. 

The data for Cen A are consistent with a theraal-Coapton 
acdel in which the aabient distribution of photons is 
principally that ealtted by a hot, expanding plasaa. In 


107 


this view, the eipanding plasaa beccnes optically thin (see 
Chapter 7 for a further discussion) during 1975. 

Applying the nodel developed for Centaurus A to the other 
sources discussed yields a consistent picture for the X-ray 
production. The altra violet, optical, and near-infrared 
continuua say be adequately explained by upscattering of 
optical photons by non- relativistic electrons in the source 
(Katz 1S77). Alternatively, it is possible to aodel the 
inf rared-optical-ultraviolet continuum as 

syncbrotron-Coopton eaission. If the synchrotron-Coapton 
radiation cones fron the sane region as the X-ray radiation, 
the tenperature of the blac)cbody photon distribution can be 
dcjternined uniquely. Por 3C273, this tenperature is on the 
order of 6K. This value of the effective tenperature 
suggests that the principal source of photons nay cone from 
a ccnbination of starlight and the background 3K blackbody 
radiation. If this is indeed the case, the relativistic 
particles producing the observed radiation nust have left 
the dense region in which they were accelerated. 

For a conaon ground to exist between the source 
envixonnents in Cen A, 3C273, MGC 4151, and 6CX, there nust 
be sene nechanisn which suppresses or absorbs the radio 
enission fron the nucleus of BSC 4151 and the nilky Hay. 
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8»4:fos£itle Sources of Relativistic Particles 
Produced in a Galactic Nucleus 

Ibere are several processes which way occur in the dense 
CDvironsent of a galactic nucleus that could lead to the 
acceleration of particles to relativistic energies. Reviews 
of the likely source aechanisns are presented in Ozernoy 
(197h) and Rees (1977). Ihe sources of relativistic 
partcles nay include shock fronts froa aultiple supernovae, 
accretion onto a aassive black hole, and super-nassive stars 
(variously called spinars, aagnetoplasaic bodies, etc.). 
Recently, Bell (1978) , and Blanford and Ostriker (1978) have 
postulated that relativistic particles can be accelerated by 
plasaa waves in supernovae shock fronts as the shocks 
interact with the interstellar acdioa. This process, or 
turbulent acceleration as suggested by Pacholczyk and Scott 
(1S76) , aay also account for the production of relativistic 
particles in a galactic nucleus. 

8.5: A Possible Distinction Between the Physical 

Bnvironnents in Radio-Quiet and Radio-Bright 
Galactic Nuclei 

Ihe lack of radio eaission in sone galactic nuclei aay be 
doe to suppression by various processes or siaply to the 
lack of a sufficiently strong aagnetic field to cause 
significant synchrotron radiation. Directed notion of the 
relativistic particles along "ordered" magnetic field lines 
is also a possible explanation for weak radio enission. 
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It is interesting tc speculate that the distinction 
bftveen radio«bright galactic nuclei and those that are 
relatively quiescent aaf be due to sone large-scale property 
ot the nuclear systea, such as angular aonentaa. Such a 
distinction is suggested, in part, by the relatively veak 
radio eaission associated vith aost Seyfert galaxies and the 
galactic center region of the nilky May. 

If the nucleus of a galaxy has significant net angular 
■caentui, the systea is likely to collapse into a disc. The 
disc# vben foraed, aay be stable against further collapse. 
For an elliptical galaxy, which is likely to have less net 
angular acaentuii in its nuclear region, the collapsing 
■atexial nay not produce an appreciably flattened disc. If 
this is the case, the stability of the systea a<|ainst 
farther collapse is likely to depend on aany factors, 
including the rate cf coalescence, the coaposition of the 
aateiial, the luainosity of the associated stars, etc. In 
sacli an environaent, it is possible that the turbulence 
associated with the contraction (or accretion) of the 
aaterial nay generate nagnetic fields by a dynano process. 
In such a disordered environaent, the nagnetic field is also 
likely to be highly disordered. This is contrary to the 
situaticn in aost spiral galaxies, where the bulk notion of 
the accreting (or contracting) aaterial is assuaed to define 
sene preferred angular nonentua vector. 


CONCIOSICNS 


Iherc is a considerable siailarity between the evisslon 
of guasar, 3C273, and the elliptical galary, Centaurus A 
(NGC 5126) « and between the Seyfect galaiy, MGC 4151, and 
the nucleus of the nilky Nay. The principal distinction is 
the difference in absolute luninosity between sources. The 
two spiral galaxies studied (NGC 4151 and the Rilky Nay) 
hawe a relatively low ratio of radio to non-radio 
luninosities when conpared to sinilar ratios for the spectra 
of Ccn A and 3C273. 

Studies of the variability of NGC 5128 (Cen A) and NGC 
4151 indicate a connection between the radio and X-ray 
radiation only in Cen A, based on the in-phase variability 
cf the radio and X-ray fluxes on tiwescales of days to 
years. In NGC 4151, such a correlation between the radio 
and X-ray flaxes does not occur. This is concluded both 
fiOB observations of X-ray variability during tines when no 
change in the radio flux is detected, and fron the fact that 
the radio spectrun shows no lov-f reguency cutoff. The lack 
of such a cutoff indicates that the radio eaission cones 
Iron an extended region, and nay not be associated with the 
conpact x-ray source which varies on tinescales of days. 
Ccrrelation between the variability of the 
optical/ultraviolet and X-ray flaxes is predicted by the 
Bcdel, but lack of coverage prevents this correlation fron 
being denonstrated. 
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Ihe radio data suggest that there are tvo distinct 
classes of radio sources in the saaple of four sources 
observed. However, in view of the siailarity between other 
fcrtions of the coaposite spectra of the four sources, the 
difference at radio freguencios aay be due to a detail of 
the eiission aechaoisa and aay not be fundaaental to the 
source regions which produce the relativistic particles. 
Xhe siailarities between the physical environaents in the 
nuclei cf "aorphologically distinct" galaxies has already 
been pointed out by Prichett (1977) . Heedaan and Stein 
(1977) note the siailarities between the properties of 
Seyfert nuclei and guasars. The extrapolation of Seyfert 
luainosity^verses^distance plots to include guasars is also 
well knewn (Keedaan 1977). 

In view of these siailarities and the siailarities 
between the coaposite spectra of the four sources studied 
here, it is possible that the nuclear regions of all 
galaxies contain an act ire region which differs froa others 
only in aagnitude. In this view, radio«>bright and 
radio-guiet guasars aay represent eiission during past 
epochs of the nuclei of elliptical and Seyfert galaxies, 
respectively. 

It is appropriate tc aake a final coanent &bcut the 
technigue of "lultiple-wavelength" astronomy. Ihough a 
considerable aaount of effort is reguired to arrange the 
concurrent observations, the technigue is invalUi»I.le in 
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placing constraints on sodels for sources which radiate over 
a large portion of the electroaagnetic spectrum. Clearly, 
it nay not be necessary to observe all individual sources 
concurrently in every frequency band of the electroaagnetic 
spectrui. If a source does not eibibit variability in one 
portion of the electroaagnetic spectraa, concurrent 
observations in that frequercy range are not crucial. 
Because of this, we suggest that Seyfert galaxies and 
radio-quiet quasars nay aost profitably be studied by 
ccncurrent observations at infrared, optical, ultraviolet. 
X-ray, and gaaaa-tay frequencies, while elliptical galaxies 
and radio-bright quasars require observations at radio. 
X-ray, and gaaaa-ray frequencies. For elliptical galaxies 
and radio-bright quasars, the utility of concurrent 
infrared, optical, and ultraviolet observations will depend 
on a lack of obscuring dust in the nuclear region. 

Additional systeiatic observations of the sources 
discussed (as well as other representatives of their 
classes) will undoubtedly provide a further basis for 
understanding the aost lusinons objects in our universe. 
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APPENDIX A 


A.1: HccbanisBs of energy loss for X-rays: 

A beaa of photons passing through an attenuating aedium 
will decrease in intensity in a way that is proportional to 
the ahscrption coefficient of the ■aterial and the intensity 
of the heae. This can be expressed as 


A.1 


dN 


-y dx 


vfaere N is the nunber of photons, and y is the nass 
abEorpticn coefficient ( in CB“*g-») tiaes the density (g 
CB'**) of the saterial. The soluticn to this equation is 


A.2 


N(x) - N e 
o 


-yx 


Fcr coaposite aaterials, the a'ass absorption coefficient 
is the sua of the indiwidual aass absorption coefficients 
weighted by the fraction of the total aass of each eleaent. 
X-ray photons interact with natter by three principal 
processes: Photoelectric effect, Coapton scattering, and 

Pair Pr eduction. ie will briefly discuss each of these in 
turn. 


A.1: The Photoelectric effect: 

The energy of a photon incident on an atom nay be 
ccBpletely absorbed by the atoa, leaving the atoa in an 
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excited cr ionized state. The spectcpaetec crystal is 
cesiua iodide, and the ainiaua energy required to ionize 
these eleaents is less than 15 eV. Even the aost tightly 
hcond electrons (i.e. electrons in the K-shell) can be 
ejected by 30 hev photons, laaediately above the ionization 
energy tor each shell, the attenuation coefficient falls off 
as £~9, vhere g has a range of 1 to 3. Atoas in the crystal 
■ay retain soae of the energy and eait Auger electrons by 
radiaticnless de*ezcitation. The atcas aay also fill shells 
at higher levels and subsequently eait photons aith a 
■aziauB energy of 30 keV. these transitions are usually L 
tc K. 

Ifhotcns produced by transitions into the K-sbell have 
energies slightly less than 30 keV. The crystal is aore 
transparent to these photons. As a result, the eaitted 
pbotcns aay escape the crystal. The probability of 
dcitecticn of a K^escape event is given by Biegler (196 9) as 
27 percent at 30 keT, and 5 percent at 100 keV for an 
infinitely thick absorber. In all other cases, the energy 
absorbed by the detector crystal is proportional to the 
incident X-ray energy. 

A. 2: Ccapton scattering: 

For energies such greater than those necessary to ionize 
the atoi, the photon wavelength becomes very aucb less than 
the diaaeter of the aton. /t these energies, Ccapton 
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ecatteting becones an inportant ■echaniso for the 
attenuation of the incident X-rays (it is somewhat ironic 
that the inverse ccapton nechanisi is responsible for the 
production of the X-rays ve see froi certain sources-see 
chapter h). The total energy given to the election by a 
single Ccapton collision in the electron rest frane is 

e 

£ « 

^ 1 + — ^ (i-cos e) 

m c 
e 

where is the initial photon energy, and a^c^ is the rest 
energy c£ the electron. Ihe saxisaD energy is gained by the 
electron when e=180°. For a photon with an energy of 100 
keV, the recoil electron can have a Baximum energy of 28 
keV. for a photon energy of 1 ReV, the recoil election's 
aaxiauB energy is 800 key. Therefore, a aoncenergetic beam 
of 1-ra^s directed into the crystal will produce electrons 
with energies up to the these Halts. This aaxiaua is 
called the Ccapton eilge. 

k.3: Fair production: 

As the photon energy increases, the cross sections for 
photoelectric absorption and Coapton scattering decrease. 
As the photon energy increases above 1.02 HeV (twice the 
rest energy of an electron) , pair pfoduction becomes 
possible and at higher energies this process becomes the 
dcainant energy loss aechanisa. In pair production, which 
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can take place only in an electric or aagnetic field, the 
total gaaia-ray energy is converted into a positron and an 
electron and their shared kinetic energy. In nornal natter, 
the pair prodnction takes place in the electric field close 
to the nucleus of the atcns. For cesiun iodide, pair 
production becones the dcninant nechanisa vhen the photon 
energy exceeds 6 ReV. 

After the positron-electron pair is produced, they nay 
loose energy by brensstrahlung. Bound-free electronic 
transitions are also possible. Additionally, the positron 
uill eventually annihilate, producing two 0.511 HeV photons 
, which Bay escape the crystal or interact in the 
aforenentioned fashions. The energy deposited in the 
crystal by Conpton interactions is ccaplex. 

A.h: Production cf scintillation light: 

The presence of sodiut ions in the cesiuo iodide 
crystals, along with the norial isperfections, produce 
energy levels between the valence band and the conduction 
band. The energy levels between the conduction and valence 
bands are 14-kely to be populated in a crystal exposed to 
X-ray radiation. The resultant transitions to the ground 
states are accoapanied by photon eaission. The total light 
intensity thus produced is proportional to the asount of 
energy deposited in the crystal by the incident X-rays. 


a 
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The scin'tillat icn light is ccllected by photoiultiplier 


tubes, whose outputs are proportional to the scintillation 
light in the crystal. The aaplitude of the output pulse 
free the photonultiplier is thus proportional to the energy 
deposited in the crystal by the incident T*ray photon. 
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APPENDIX E 


Expressing a Position on the Celestial Sphere as a Vector 
in the local Coordinate Systea 

Ke nev wish to find a aethod of expressing a position on 
the sky (that is, a vector in the celestial coordinate 
fiiystea) as a vector in the local coordinate systen jnst 
defined. This nay be done using rotation aatrices 
(Goldstein 1965, Chapter 4). 

Given the BA and Dec of a source, we construct a unit 
vecter which is co-linear with the position vector of the 
source in celestial Coordinates. This unit vector nay 
arbitrarily be chosen as the Z*>axis of a source coordinate 
systea as described previously for the local coordinate 
systen. For purposes of consistency, we also choose an 
X-axis for the source to be local east, and a T^azis to be 
local north. In this coordinate system, the position vector 
of the source is (0,0,1). 

To align the source X-axis with that of the celestial 
sphere, we rotate about the source X-axis by an angle 

-(90-61), where 6 is the source declination. Me then rotate 

8 8 

about the new Z-axis by an angle place the two 

T-axes in the sane plane. The third rotation about the nev 
X-axis by (90-6) yields a vector for the source in terns of 
the local coordinate systea. 

In principle, the procedure is guite simple. In 
analytical fora, the conbinaticn of three rotation aatrices 
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is letatkably cumbersoae. Fortunately, the rotations can be 
petforaed by the coaputers used to analyze the data. It 
should be noted that any tectc'' expressed in teras of right 
ascension and declination can be transformed in the 
preceeding manner to a vector of a local coordinate system. 
Symbolically, the rotations are expressed as follows 
(Goldstein 1950) : 


V, - |R^(90-6,) 


R (a -a.) • R (-90 + 6 )] 
z s £ X s 


V 

s 


B.4 


where 


/I 

0 


0 



/ cos 

0 

sin 

0 

o) 

° 

cos 

6 

sin 

0 

and 

R = 1 -sin 
^ 1 

0 

cos 

0 

0 

\<> 

-sin 

0 

cos 



\ 0 


0 




The position vector of the source is taken 
to be the z and y component of the original vector as 
transformed into the local coordinate system. The technique 
does not preserve arc length. However, for skymaps 20®X20® 
in extent, the error induced by this approximation is <0.5®. 
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IPPENDIX C 


Ihe Cistribution of Stars in a Galactic Nucleus 

Copulation 1 distributions of stars in a galaxy have a 
large aggregate angular acotentuiD. Because of this, the 
Peculation I stars do not readily loose angular Boaentum by 
gravitational interactions. It is probable, therefore, that 
the distribution cf stars in the region close to the center 
of a galaxy aimics the distribution of Population IX stars, 
and is spherically synaetric. If the galaxy is elliptical, 
then the aajority of stars share in this spherically 
sjaaetric distribution. 

Using this spherically syaaetric distribution of stars in 
a galactic nucleus, we nay calculate the dilution factor A, 
the ratio of the area of the shy subtended by stars to the 
total area of the sky. I he dilution factor is the fraction 
by vhich the energy density for starlight photons is reduced 
over that vithin a blackbcdy at the saae teaperature as the 
stars. For a shell of stars of average radius r^ and nunber 
density p (r) (stars ca~3) at a distance r froa the observer, 
the ratio dQ becoaes 


C.1 


■ IT 


2 


p(r)dr 
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Assufting a gaussiaa distribution of stars, 
p|r) *Pq€xp (-r*/2B*) » where p is the central density of stars 
and & is the radius vithic which tte nuober density of stars 
decreases to 60 percent of the central density. The 
probability that the discs of stars overlap one another is 
snail. integrating the resultant equation iron zero to 
infinity yields; 


C.2 


Q - 


ir 



2 


P R 
o s 


ibis diluticn factor is less than one for any physical 
situation. The energy density of the photons fron the 

gaussian distribution of stars is then equal to ^2aT* at the 
center of the galaxy, where a is the first radiation 
constant, and T is the average surface tesperature of the 
stars in the distribution. 

lie nay nodify equation C.2 in the following way. The 
total nuiber of stars in the galactic nucleus (or any 
gaussian distribution of stars) is 


C.3 


N = I 


4irr p(r)dr 


/! 


4tt R p 
s o 


Sy coabining this with equation C.2, we find that 
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AR 


lo gain scie intuition of the aagnitudes involved 
foe various galactic nuclei, we lay use Centaurus A as an 
ezaaple. fiecent observations of a flux of approxiaa te ly 150 
Jy at 100 Biccons (Harper 1978) can be used to place an 
upper liait on N, the total number of stars in the nucleus 
of Cen A. If all the stars are of solar luainosity, then 
the maxiDum nunber of stars is lO^o. For red giants, whose 
luBinosity is lOOLe, the saxiBus nuaber of stars is 10*. If 
supergiant stars are responsible for the blackbody photons 
inverse-CoBpton scattered to produce the observed X-ray 
radiaticn, then the luBinosity arguaent iaplles that there 
are a Baziaua of 10^ of these stars in Cen A*s nucleus. 
Issuaing a luainosity class of stars also inplies an average 
stellar radius. fie thus obtain a relationship between the 
radius of the stellar distribution B and the dilution factor 
Q. For the blackbody-Conpton nechanisa to be the doiinant 
inverse-CcBpton loss nechanisB, the energy density D=OaT* 
for the blackbody radiation Bust be greater than the energy 
density of the synchrotron radiation. This is discussed in 
detail in Chapter 7. If, for exanple, the dilution factor 
fi=10“S, r^=10**CB, and S=106, then R Bust be roughly 

IxIO^^CB. Whether such a dense cluster of stars can be 
stable against dynatical collapse needs to be investigated. 
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In tte paper by Spitzer and Hart (1971), it is suggested 
that glcbular clusters with several lass coaponents of stars 
vculd stratify in a tine 


C.5 


t % 


1 1 

.9R, n2 


X 10 years 


log(.4N) 


where F. is the radius of the distribution in 
h 

parsecs, and Hg is the aass of the stars in the 
distribution. The aost aassive stars would have the aost 
centrally condensed distribution. After the initial 
condensation, the dense nucleus lay experience a sore 
protracted evolution due to the lack of lighter stars to 
carry away any sore angular noaentua froa the central 
systea. Although the calculations of Spitzer and Hart were 
dene for less aassive distributions of stars (in globular 
clusters) , their work suggests that for the nucleus of 
Centaurns A, a centrally condensed distribution of aassive 
stars will fora in a tiaescale of 10^ years. Thereafter, 
the liaiting tiaescale for further collapse nay be the 
nuclear lifetiae of the stars, since aass loss by individual 
stars nay, at that point, be the priaary aeans of loss of 
angular icaentua. In view of the F*~> dependence of the 
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dilution factor upon the stellar distribution, this central, 
cassive population is the only one ve will use in estiaating 
the dilution factor used in Chapter 7. 
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Radio Flux Density of the Nucleus of Cen A (NGC 5128) 

1017 GHz 


07-11-73 

5.97 

.41 

07-12-73 

5.53 

.37 

07-13-73 

6.17 

.29 

07-14-73 

6.00 

.25 

07-15-73 

5.72 

.26 

07-18-73 

6. 32 

.24 

08-08-73 

4.00 

.19 

05-23-74 

B.38 

.13 

01-21-75 

8.02 

.11 

01-22-75 

7.58 

.11 

06-25-75 

?.85 

.14 

07-23-75 

6.05 

.18 

01-18-76 

9.48 

.15 

05-31-76 

8.28 

.09 

07-14-76 

6.63 

.11 

07-21-76 

7.60 

.11 

07-30-76 

7.44 

.11 

07-31-76 

7.12 

.08 

08-01-76 

7.47 

.12 

08-02-76 

6.60 

.19 

08-03-76 

6.17 

.11 

08-04-76 

6.25 

.17 

08-05-76 

6.25 

.20 

08-09-76 

5.49 

.14 

08-10-76 

4.88 

.20 

09-01-76 

5.92 

.12 

09-02-76 

5.29 

.19 


31.4 GHz 


05-21-75 

17.09 

.35 

10-07-75 

19.52 

.47 

12-08-75 

20.52 

.39 

03-09-76 

17.68 

.25 

06-02-76 

16.29 

.26 


85.2 GHz 


12-08-75 

11.72 

.50 


90 GHz 


05-17-76 

10.5 

.3 

07-30,31-76 

8.6 

.7 

08-29-76 

8.9 

.7 

11-20-76 

9.5 

.6 

02-15-77 

9.4 

.2 




lABlE 5.1 


Addle Flux Density of the Nucleus of NGC 4151 



2.695 GHz 


Cate 

S(iJy) 

Standard Be viation (aJy) 

05-31-77 

169. 3 

12.3 

06-03-77 

171.8 

8.0 


8.085 GHz 


05-31-77 

62.8 

11.7 

06-03-77 

60.7 

e.4 


135 


SOLAR PANEL 


SOLAR 

LINE-OF-SIGHT 


PITCH ANGLE 
(-4* TO +4») 



ELECTRONICS 


ROLL AXIS 


HIGH-ENERGY 
X-RAY DETECTOR 
INOSO-8 


CNRS 

COLORADO! 


SOLAR POINTED INSTRUMENTS 


HIGH-ENERGY 
X-RAY DETECTOR 




ALUMINIZED 
LEXAN COVER 
(0.040”) 


DETECTOR 
FIELD-OF-VIEW 
(5.1“ FWHM) 


.5“ 
OFFSET 
FRC 
SPII 
iAXi: 


1 

BALANCE ARM 

\ 

> 

WHEEL 
SPIN AXIS 

(ONE OF THREE) 





1 PARAMETERS OF DETECTORS 

SENSITIVE AREA 

27.5cni» 

MAXIMUM ACCEPTANCE ANGIE 


F.W.HM. 

51* 

AREA X SOLID ANGLE FACTOR 

025cm' St 

MINIMUM SHIELD THICKNESS 

2 * 




first point of Aries 


North celestial pole 




Figure 2,H 



Figure 2.S 


Counting 

rate 



TEMPLATE WITH DETECTOR 
RESPONSE FUNCTION FOR 
3 SOURCES , 2 OF WHICH 
OVERLAP, AND THE BACK- 
GROUND B 



x-ray spectrum of 
Taurus X-l 



^ Dolan et al (1977) 






Fi9ure 2.7 


"T™rnnrTrrT| 1 — r rr\ 1 1 1 1 1 — rm 

X-ray spectrum of 
Cygnus X-l 




\\ 


lH / low state spectrum 
^ from OSO -8 

^ I 

A ."high state" spectrum 
Vs/ fro 


from OSO -8 



x-ray spectrum of 
Cygnus X-3 




mrr 


Ulmer (1972) high phase 
y Ulmer et al (1975) 



142 





1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 

YEAR 

Graf and Price (10.7 GHz) =+; Dent and Hobbs (31.4 GHz) =|, (85.2 GHz) =4; 
Kellermann (31.5 GHz) =^, (89 GHz) =$• Conklin and Ulich (90 GHz) =§. 





1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 

YEAR 

Lampton et al. (Rocket) =4 » Tucker et ol. (Uhuru)=»I<; Winkler and White 
(0S0-7/MIT)= i; Davison etoL, Stark et al. (Ariel V)= i 
Grindlay etal. (ANS)= ^ ; Stark et al. (Copernicus) = ^ ; Serlemitsos et aL 
(OSO-8)*^ ; Lawrence etal. (Ariel VJCopernlcus) = + 



INTENSITY (10*^ photons cm'^ sec KeV 




® 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 

YEAR 

Haymes et al. ( Balloon) -^: Lampton et ai . C Balloon) = i ; Mushotzky et.al. (OSO - 7)='$ ; 
Hall et al. ( Balloon )=^; Stark et al . (Ariel 2, Extrapolation)-?; Beall et _aj. (OSO - 8)=§ 





1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 

YEAR 

Lampton et-al. = ji; Tucker et_aL=iJ<; Winkler and White = #*; Mushotzky et al. = j«: 
Hall et al.=$; Stark et al. Mushotzky and Serlemitsos =i. 



Flux ( Photons cm 


Figure 3.5 



Flux 






Radio spectrum of 
3C273 







Composite Spectrum of 3C273 



Photon Frequency (Hz) 





Radio Observations of NGC4I5I 


Fiqure 5. 1 



I GHz 10 GHz 


155 


100 GHz 



Figure 5.2 

N6C 4151 

Infrared B U6V data 




estimate a ~ 1.26 


di' 


» 

\ 


■ =G. Rieke , 18-19 Feb 75 
• «G. Rieke , 30 May 77 
o =G. Rieke. 27 May 77 
o =J.Pipher, 28-29 May 77 
0=S.Tapia, 18.2 May 77 
V = W. Wisniewski , 30.2 May 77 
A =S. Tapia , 9.2 June 77 
A =S. Tapia, 11.2 June 77 


K 


BAfi 4.9/11 2.2/1 1.25/1 

34/1 10.4/11 13.4^ ||.65/i| 

' I2.2al L K H J R 


Frequency (Hz) 





x-ray observations 
of NGC4I5I 



V Mushotzky, et al 
(1978) Extrapolated 






•n 

jn 

200 

•«> 

CM 

150 

•g 

o 

100 

v» 


E 

iD^ 

CM 

50 

•o . 



e 5 

o 


•o 

X 

0.040 

•tft 

~E 0.030 


i 0.020 

o 

o 


0.010 
























Composite Spectrum of GCX 


Figure 6.5 



( ZH s _ uiO s6ja) xny uo4.oqd 










30 GHz Radio Flux (Jy) 


CJI 


o 


IN) 



•>9 

c 

ro 


Normalized Synchrotron 
Luminosity = F^(R)/F^(R^) 



BIBLIOGRAPHIC DATA SHEET 


1. Report No, 


2. Government Accettion No. 


3. Recipient's Catalog No. 


4 . Title and Subtitle 


5 Report Date 


Qt th« PhyslonI Environment in Qaleotlo 
Nuclei 


7. Author(s) 


J.H. Beall 


9. Performing Organization Name and Address 

Laboratory for Aatronomy and 
Solar Phyeica 

Goddard Space Flight Center 
Oreenbelt, MD. 20770 


12. Sponsoring Agency Name and Addrau 


6. Performing Organization Code 

684 


8. Performing Organization Report No 


10. Work Unit No. 


1 1 . Contract or Grant No. 

5 ? 


13. Type of Report and Period Covered 


14. Sponsoring Agency Code 



16. Abstract ' Oalaotio nuclei and quaeara emit radiation over the entire electro* 
magnetic epectrum* Thia euggesta that concurrent obaervationa over a wide 
frequency range may provide uaeful information in determining appropriate 
modela for the phyaioal environment in which the radiation ia produced* In 
conjunction with obaervationa by the High Knergy Spectrometer on OSO-6, four 
•ourcea have been atudled in thia manner! the nucleua of the elliptical 
galaxy, Centaurua A (N6C 5126); the quaaar, ^C27?> the Seyfert galaxy, MCC 4151; 
and the nucleua of the Milky Ihy (G0X)< Concurrent obaervationa are uaed to 
conetruct the composite spectra (from radio to X-vay) for Cen A and HOC 4l5l, 
while the composite spectra of ^C27^ end OCX are derived from the 060-8 data 
and from other observers* Additionally, a skymap technique has been developed 
and ia used to analyze the 1975 and 197 ^ obaervationa of the galactic center 
region* The data are consistent with a significant, hard X-ray source at the 
radio and infrared position of the nucleua of the Milky Ihy, 

A theoretical analysis of the temporal variability of the Cen A data la 
undertaken and its implications discussed* Additionally, we note that the 
aimilaritlea between the composite spectra of the observed sources suggest 
that radio-bright and radio-quiet quasars may represent the emission from 
galactic nuclei with elliptical and Seyfert-llke morphologies, respectively* 


17. Key Words (Selected by Author(s)) 

18. Distribution Statement 

Oalaotio nuclel^quasars^X-ray sources 
Bxtragalactie Astronomy. 



19. Security Ciassif. (of this report) 

20. Security Ciassif. (of this page) 

21. No. of Pages 

unelassifled 

unclaseified 

186 


AaiF hv Thp National Technical Information Service Spnoqfield, Virginia 




















